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Abstract: 14 
The increasingly high frequency of heavy air pollution in most regions of China 15 
signals the urgent need for the transition to an environmentally friendly production 16 
performance by socioeconomic sectors for the sake of people’s health and sustainable 17 
development. Focusing on CO2 and major air pollutants, this paper presents a 18 
comprehensive environmental efficiency index based on evaluating the environmental 19 
efficiency of major socioeconomic sectors, including agriculture, power, industry, 20 
residential and transportation, at the province level in China in 2010 based on a 21 
slack-based measure DEA model with non-separable bad output and weights 22 
determined by the coefficient of variation method. In terms of the environment, 5, 16, 23 
6, 7 and 4 provinces operated along the production frontier for the agricultural, power, 24 
industrial, residential and transportation sectors, respectively, in China in 2010, 25 
whereas Shanxi, Heilongjiang, Ningxia, Hubei and Yunnan showed lowest efficiency 26 
correspondingly. The comprehensive environmental efficiency index varied from 27 
0.3863 to 0.9261 for 30 provinces in China, with a nationwide average of 0.6383 in 28 
2010; Shanghai ranked at the top, and Shanxi was last. Regional disparities in 29 
environmental efficiency were identified. A more detailed inefficiency decomposition 30 
and benchmarking analysis provided insight for understanding the source of 31 
comprehensive environmental inefficiency and, more specifically, the reduction 32 
potential for CO2 and air pollutants. Some specific research and policy implications 33 
were uncovered from this work. 34 
 35 
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Nomenclature 
BC Black carbon Mt Megatons 
CAY China Agriculture Yearbook NBSC National Bureau of Statistics of China 
CEADs 
China Emission Accounts and 
Datasets 
NMVOC 
Non-methane volatile organic 
compounds 
CEPY China Electric Power Yearbook NO2 Nitrogen dioxide 
CESY 
China Energy Statistical 
Yearbook 
OC Organic carbon 
CO Carbon monoxide PM Particulate matter 
CO2 Carbon dioxide PM10 Particulate Matter 10 
DDF Directional distance function PM2.5 Particulate Matter 2.5 
DEA Data envelopment analysis RAM Range-adjusted measure 
DMUs Decision making units SBMs Slack-based models 
Kt Kilotons SO2 Sulfur dioxide 
MCDB Macro China Industry Database tce Tonne of coal equivalent 
MEIC 
Multi-resolution Emission 
Inventory for China 
    
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1. Introduction 1 
As the world’s largest energy consumer as well as the leading emitter of carbon 2 
dioxide (Lin and Fei, 2015), China has been suffering from severe environmental 3 
pollution, especially air pollution, due to its energy-intensive industrial structure 4 
(Wang et al., 2016) and fossil fuel-based energy system, seriously restricting the 5 
sustainable development of its social economy and threatening the health of its 6 
citizens (MEP, 2012). During 2016, the air quality of 254 cities in China exceeded the 7 
National Ambient Air Quality Standards, accounting for 75.1% of 338 Chinese cities 8 
at the prefecture level and above, according to the annual report from the Ministry of 9 
Environmental Protection of China (MEP, 2017). Specifically, 71.5%, 58.3%, 17.5%, 10 
3.0%, 16.9% and 3.0% cities suffered from air pollution due to PM2.5, PM10, O3, 11 
SO2, NO2 and CO, respectively (MEP, 2017). 12 
Significant regional differences exist, and the air quality of northern China, 13 
especially that of the second- or third-tier cities in the Beijing-Tianjin-Hebei 14 
metropolis circle, is relatively heavier polluted, while people in the southeastern 15 
coastal cities enjoy cleaner air (MEP, 2017). This presents a dilemma for the Chinese 16 
government. On the one hand, rapidly growing demand in energy use with continued 17 
economic growth creates constant environmental pressure; on the other hand, the 18 
emergence of a growing middle class driven by economic growth in China increases 19 
the demand for air pollution control.  20 
The Chinese government first committed to achieving a binding goal of reducing 21 
SO2 emissions by 10% during its 11th Five-Year Period (2006-2010) (State Council, 22 
2006). The prevention and control of air pollution targeting compound pollutants 23 
involving SO2, NO2, PM10 and PM2.5 in key regions of China was incorporated into 24 
the 12th Five-Year Plan (2011-2015) (MEP, 2012). In 2013, the State Council of 25 
China identified ten measures for the control of air pollution and established the goal 26 
of a 10% reduction in the nationwide concentration of PM (State Council, 2013). 27 
Accordingly, Beijing-Tianjin-Hebei, the Yangtze River Delta and the Pearl River 28 
Delta are recommended to cut concentration of PM by 25%, 20%, and 15%, 29 
respectively, from the 2012 levels by 2017 (State Council, 2013). 30 
From the perspective of different sectors, taking 2010 as an example, for 31 
agriculture, its major air pollutant NH3was estimated to be 9013.27 Kt according to 32 
the MEIC database1, accounting for 92.35% of total national NH3 emissions2,without 33 
taking other greenhouse gases emitted from energy use or attributed to agricultural 34 
production into account. With regards to the power sector, China relies heavily on 35 
thermal power generation and mainly uses coal as its energy input, which inevitably 36 
produces large amounts of CO2 and other air pollutants such as SO2 and NO2; these 37 
respectively accounted for 34.90%, 28.38% and 32.71% of the total amount in China. 38 
Furthermore, as a major supplier of most industrial products in the world, the energy 39 
                                                             
1
See the detailed information for the MEIC in http://www.meicmodel.org/index.html. Emissions of air pollutants are all collected from the MEIC database, 
with energy consumption and corresponding CO2 emissions from the CEAD database; see http://www.ceads.net/. 
2
Here, the percentage of air pollutants is calculated by sectoral emission divided by aggregated emissions from agricultural, power, industry, residential and 
transportation sectors, and the same below. 
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consumption of China’s industrial sector increased by 134% from 1996 to 2010 1 
(Wang et al., 2016). The industrial sector represents 51.00% of the total energy 2 
consumption in China and generates approximately 49.54% of CO2 emissions as well 3 
as 58.60% of SO2, 61.68% of NMVOC and 56.87% of PM10 in 2010. Although 4 
energy consumption and CO2 emissions from the residential sector is relatively 5 
limited (both less than 10%), it produced 76552.02 (45.2%), 906.83(51.68%) and 6 
2750.77 (81.41%) Kt of CO, BC and OC, respectively, in China in 2010, all of which 7 
are major precursors of PM and may increase rapidly with the rising standard of living. 8 
Meanwhile, the transportation sector’s energy consumption is 268.73Mt standard coal 9 
(6.98%), with 536.66Mt (6.57%) of CO2, 7000.87 Kt (24.54%) of NO2, 273.65 10 
(15.59%) Kt of BC and 20326.41Kt (11.95%) of CO. Infrastructure investment and 11 
energy consumption will be further stimulated by the huge transportation demand 12 
(Cui and Li, 2014).Therefore, the agricultural, power, industrial, residential and 13 
transportation sectors are all expected to play an important role in the reduction of air 14 
pollutant emissions in China. In the context of complex regional atmospheric 15 
pollution along with traditional coal-based air pollution, investigation into China’s 16 
baseline environmental efficiency by major socioeconomic sector and a 17 
demonstration of regions with higher environmental efficiency is of great importance 18 
for the success of nationwide persistent air pollution governance in China. 19 
Many studies are making an effort to incorporate data envelopment analysis (DEA) 20 
into the evaluation of environmental efficiency for China considering undesirable 21 
factors (see appendix Table A1) and are exploring environmental performance in 22 
different sectors, including agriculture (Lin and Fei, 2015; Fei and Lin, 2016, 2017), 23 
power generation (Zhou et al., 2013b; Bi et al., 2014; Lin and Yang, 2014; Song et al., 24 
2017), industry (He et al., 2013; Zhou et al., 2013a; Wang and Wei, 2014; Wu et al., 25 
2014; Bian et al., 2015; Xie et al., 2016) and transportation (Cui and Li, 2015; Zhang 26 
et al., 2015; Liu et al., 2016; Song et al., 2016), in addition to limited research 27 
regarding the residential sector without involving China (Haas, 1997; Grösche, 2009). 28 
Most studies of agricultural efficiency evaluation target technical efficiency or 29 
energy efficiency related to CO2 emissions reduction (Lin and Fei, 2015; Fei and Lin, 30 
2016, 2017); however, these overlook the most significant air pollutant, NH3, from 31 
agricultural sources as an undesirable output. Topics related to the industrial sectors of 32 
China include the evaluation of carbon efficiency (Emrouznejad and Yang, 2016; 33 
Zhang et al., 2016) and environmental efficiency taking NO2 and SO2(Wang et al., 34 
2014; Wu et al., 2014; Bian et al., 2015) or waste gas, waste water and solid waste 35 
(He et al., 2013; Zhou et al., 2013a; Xie et al., 2016) as bad outputs, with decision 36 
making units (DMUs) varying from provinces to cities or firms in industrial sectors of 37 
China. In addition to studies considering CO2 as an undesirable output (Lin and Yang, 38 
2014),studies focusing on Chinese power sectors have given the most attention to 39 
emissions of SO2 and NOx from thermal power generation (Zhou et al., 2013b; Bi et 40 
al., 2014; Song et al., 2017) Some studies confirm the need to evaluate environmental 41 
performance and sustainability in the residential sector (Haas, 1997; Grösche, 2009) 42 
but DEA analysis has not yet been applied to this sector in China, let alone taking air 43 
pollutants such as CO emitted from residents into consideration. Similarly, with the 44 
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power and industrial sectors, a growing literature has examined carbon efficiency in 1 
the transportation sector of China (Cui and Li, 2015; Zhang et al., 2015; Liu et al., 2 
2016), and some studies have incorporated air pollutants such as SO2 (Song et al., 3 
2016). However, based on the above, few studies have specialized in evaluating 4 
environmental efficiency considering the major air pollutants and providing a 5 
comprehensive decomposable picture of environmental efficiency based on the 6 
primary socioeconomic sectors of China for individual provinces. 7 
In addition, although a series of DEA models have been employed in the literature 8 
for efficiency evaluation, such as the CCR model subject to the strong hypothesis of 9 
constant returns to scale and the DDF (He et al., 2013; Zhang et al., 2008), the BCC 10 
model (Xie et al., 2016) and the RAM model(Wang et al., 2016), as well as some 11 
developed SBMs, such as weighted, dynamic, super and network SBMs (Zhou et al., 12 
2013a; Li and Shi, 2014; Lin and Yang, 2014; Wang and Feng, 2015; Song et al., 13 
2017); these models cannot serve our purpose of identifying China’s comprehensive 14 
provincial environmental efficiency performance in major sectors, especially 15 
considering that specific bad outputs such as PM are closely related (non-separable) to 16 
specific inputs such as coal consumption. Therefore, our paper tries to fill the gaps by 17 
employing a bad output model that considers non-separable situations related to 18 
inputs leading to undesirable outputs.  19 
Thus, taking major air pollutants as an undesirable output in a non-separable bad 20 
output SBM model, this paper presents a comprehensive nationwide analysis of 21 
China’s environmental efficiency based on a new comprehensive environmental 22 
efficiency index derived from evaluations of the primary socioeconomic sectors, 23 
including the agriculture, power, industry, residential and transport sectors, at the 24 
provincial level. The proposed model offers an index that allows to characterize the 25 
main environmental problems in the light of air pollution in China, which would be of 26 
great significance for the corrective actions of both the central government and local 27 
governments. In addition, separate characterizations and integration of major 28 
socioeconomic sectors in term of environmental efficiency would be helpful in 29 
providing governments with a practical and tailored perspective to implement 30 
performance measurement crucial in decision making for air quality controls at both 31 
sector level and provincial level. The rest of this paper unfolds as follows. The second 32 
section introduces the methodology adopted in our paper. The variables and data 33 
information are described in the third section. The results and discussion are presented 34 
in Section 4. The final section concludes the paper and provides some policy 35 
implications. 36 
  37 
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2. Methodology 1 
With increasing environmental conservation awareness, the undesirable outputs of 2 
production and social activities, e.g., air pollutants and hazardous waste, are 3 
increasingly being recognized as dangerous and undesirable. Thus, the development 4 
of technologies emitting less undesirable outputs is an important subject of concern in 5 
every area of production and social life. The criterion of efficiency in DEA is usually 6 
to produce more outputs with lower resource inputs. In the presence of undesirable 7 
outputs, however, technologies with more good (desirable) outputs and fewer bad 8 
(undesirable) outputs relative to fewer inputs should be recognized as efficient. Thus, 9 
this paper addresses the Chinese environmental efficiency problem by applying a 10 
slack-based model, which is non-radial and non-oriented, and directly utilizing input 11 
and output slack to produce an efficiency measure, taking undesirable outputs into 12 
account based on Cooper et al. (2007); DEA Solver Pro 13.2 is used to perform the 13 
analysis. 14 
2.1. An SBM with undesirable outputs 15 
Suppose that there are n DMUs, each having three factors: inputs, good outputs and 16 
bad (undesirable) outputs, as represented by three vectorsx ∈ R, y ∈ R	 and 17 
y
 ∈ R , respectively. The matrices X, Y  and Y
  are defined as follows. 18 
X = x, ⋯ , x ∈ R×, Y = y, ⋯ , y ∈ R	×andY
 = y
, ⋯ , y
 ∈ R×. We 19 
assume thatX > 0, Y > 0 and Y
 > 0. 20 
The production possibility set (P) is defined by 21 
P = x, y, y
x ≥ Xλ, y ≤ Yλ, y
 ≥ Y
λ,¬ ≥ 0            (1) 22 
Where λ ∈ R is the intensity vector. This definition corresponds to the constant 23 
returns to scale technology. 24 
Thus, a DMU$x$, y$, y$
  is defined as being efficient in the presence of 25 
undesirable outputs if there is no vector x, y, y
 ∈ P  such that x$ ≥ x, y$ ≤26 y, y$
 ≥ y
with at least one strict inequality.In accordance with this definition, the 27 
SBM is modified as follows: 28 
[SBM-Undesirable]     ρ∗ = min )
	
*∑ ,-
.
/-0
*-1	
2 	,	3,4∑
,56
7506 2
,	51	 ∑ ,5
8
7508
,51	 9
                  (2) 29 
Subject to     30 
x$ = Xλ + s)                           (3) 31 y$ = Yλ − s                           (4) 32 y$
 = Y
λ + s
                           (5) 33 s) ≥ 0, s ≥ 0, s
 ≥ 0,¬ ≥ 0 
The vectorss) ∈ R and s
 ∈ Rcorrespond to excess inputs and badoutputs, 34 
respectively, while s ∈ R	  expresses shortages in good outputs. Theobjective 35 
function (2) is strictly decreasing with respect tos=)>∀i@, sA>∀r@andsA
>∀r@, and the 36 
objective value satisfies 0 < ρ∗ ≤ 1. Let an optimal solution of the above program be 37 
λ∗, s)∗, s∗, s
∗. Then, we have Theorem1: 38 
The DMUo is efficient in the presence of undesirable outputs if and only if E∗ = 1, i.e., 39 
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F)∗ = 0., FG∗ = 0and FH∗ = 0. 1 
If the DMUo is inefficient, i.e., E∗ < 1, it can be improved and become efficient by 2 
deleting the excess inputs and bad outputs and augmenting the shortfall in good 3 
outputs with the following SBM projection: 4 
x$I← x$ − F)∗                            (6) 5 y$K← y$ + FG∗                            (7) 6 y$
K← y$
 − FH∗                            (8) 7 
2.2. Non-separable ‘good’ and ‘bad’ output model 8 
It is often observed that certain ‘bad’ outputs are not separable from the 9 
corresponding ‘good’ outputs; thus, reducing bad outputs inevitably results in a 10 
reduction in good outputs. In addition, a certain bad output is often closely related 11 
(non-separable) to a certain input. For example, in power generation, emissions of 12 
nitrogen oxides (NON) and sulphur dioxide (SOP) (bad outputs) are proportional to the 13 
fuel inputs, which represents a non-separable case. To address this situation, Cooper et 14 
al. (2007) decomposed the set of good and bad outputs >Y, Y
@ 15 
into >YQ@ and >YRQ, YRQ
@ , where YQ ∈ R		×  and >YRQ ∈ R	×, 	YRQ
 ∈16 
R×@denote the separable good outputs and non-separable good and bad outputs, 17 
respectively. The set of input X is decomposed into >XQ, XRQ@, where XQ ∈ R	× 18 
andXRQ ∈ R×respectively denote the separable and non-separable inputs. For the 19 
separable outputsYQ, we have the same structure of production as Y in P. However, 20 
the non-separable outputs>YRQ, YRQ
@ need to be handled differently. The reduction 21 
of the bad outputs 	yRQ
  is designated by αyRQ
 , with 0	 ≤ α ≤ 1 ;this is 22 
accompanied by proportionate reductions in the good outputs,	yRQ, as denoted by 23 
αyRQ and in the non-separable input, as denoted by αxRQ. 24 
The new production possibility set PNS under CRS is defined by 25 
PRQ = TxQ, xRQ, yQ, yRQ, yRQ
U x
Q ≥ XQλ, xRQ ≥ XRQλ, yQ ≤ YQλ,
yRQ ≤ YRQλ, yRQ
 ≥ YRQ
λ,¬ ≥ 0V    (9) 26 
Basically, this definition is a natural extension of P in (1). We alter the definition of 27 
the efficiency status in the non-separable case as follows: 28 
A DMU$x$Q, x$RQ, y$Q, y$RQ, y$RQ
  is calledNS-efficient if and only if (1) for 29 
anyαwith>0 ≤ α < 1@, we havex$Q, x$RQ, y$Q, αy$RQ,αy$RQ
 ∉ PRQ and (2) there is no 30 xQ, xRQ, yQ, yRQ, yRQ
 ∈ PRQ  such that x$Q ≥ xQ, x$RQ = xRQ, 	y$Q ≤ yQ, y$RQ =31 yRQ, y$RQ
 = yRQ
 with at least one strict inequity. 32 
An SBM with non-separable inputs and outputs can be implemented by the 33 
program in >	λ, sQ), sQ, α@, as below: 34 
[SBM-NS]            ρ∗ = min )
	
*∑ ,-
X.
/-0
*	-1	 )** >)α@
2	,4∑ ,5
X6
750X6
2,		51	 >	2@>)α@9
                (10) 35 
Subject to     36 
x$Q = XQλ + sQ)                       (11) 37 
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αx$RQ ≥ XRQλ                          (12) 1 y$Q = YQλ− sQ                        (13) 2 
αy$RQ ≤ YRQλ                         (14) 3 
αy$RQ
 ≥ YRQ
λ                         (15) 4 sQ) ≥ 0, sQ ≥ 0,¬ ≥ 0, 0	 ≤ α ≤ 	1 
wherem = m +mPand s = s + sP + sPP. 5 
The objective function is strictly monotone decreasing with respect to 6 
s=Q)>∀i@, sAQ>∀r@  and α . Let an optimal solution for [SBM-NS] 7 
be>ρ∗, λ∗, sQ)∗, sQ∗, α∗@, then we have 0 < E∗ ≤ 1and the following Theorem 2 8 
holds: 9 
The DMUo is non-separable (NS)-efficient if and only if E∗ = 1 , i.e., FY)∗ =10 0, FYG∗ = 0, α∗ = 1. 11 
If the DMUo is NS-inefficient, i.e., E∗ < 1, it can be improved and become 12 
NS-efficient by the following NS projection: 13 
x$IQ← x$Q − FY)∗                       (16) 14 x$IRQ← α∗x$RQ                         (17) 15 y$IQ← y$Q + FYG∗                      (18) 16 y$IRQ← α∗y$RQ                        (19) 17 y$IRQ
← α∗y$RQ
                        (20) 18 
It should be noted that it holds that 19 
FZY)∗ ≡ −α∗x$RQ + XRQ¬ ≥ 0                 (21) 20 FZYG∗ ≡ −α∗y$RQ + YRQλ∗ ≥ 0               (22) 21 FZYH∗ ≡ α∗y$RQ
 − YRQ
λ∗ ≥ 0                (23) 22 
This means that some of the slack in non-separable inputs and outputs may remain 23 
positive even after the projection and that these slacks, if they exist, are not accounted 24 
for in the NS-efficiency score, since we assume a proportionate reduction >α∗@ in 25 
these outputs. Thus, we apply the SBM for the separable outputs, whereas we employ 26 
the radial approach for the non-separable outputs. 27 
In actual situations, it is often required that in addition to constraints (11)-(15), the 28 
total amount of good outputs should remain unchanged, and the expansion rate of 29 
separable good outputs should be bounded by an exogenous value. The former option 30 
is described as 31 
∑ yA$Q + sAQ + α∑ yA$RQ = ∑ yA$Q + ∑ yA$RQ	A\		A\	A\		A\       (24) 32 
where we assume that the measurement units are the same among all good outputs. 33 
The latter condition can be expressed as 34 
5X6
]50X6 ≤ U, >∀r@                         (25) 35 
whereU is the upper bound to the expansion rate for the separable goodoutputs. 36 
Furthermore, it is reasonable that the slacks in the non-separable (radial) bad 37 
outputs and non-separable inputs should affect the overall efficiency, since even the 38 
radial slacks are sources of inefficiency. 39 
Summing all of these requirements, we have the following model for evaluating 40 
overall efficiency: 41 
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[NS-Overall]       ρ∗ = min )
	
*∑ ,-
X.
/-0X
*	-1	 ) 	*∑ ,-^
X.
/-0^X
*-1	 )** >)α@
2	,4∑ ,5
X6
750X6
2∑ ,5^ X8750^X82
,51	,		51	 >	2@>)α@9
            (26) 1 
Subject to 2 
x$Q = XQλ + sQ)                      (27) 3 
αx$RQ = XRQλ+ sRQ)                    (28) 4 y$Q = YQλ− sQ                      (29) 5 
αy$RQ ≤ YRQλ                       (30) 6 
αy$RQ
 = YRQ
λ+ sRQ
                   (31) 7 ∑ yA$Q + sAQ + α∑ yA$RQ = ∑ yA$Q + ∑ yA$RQ	A\		A\	A\		A\      (32) 8 
5X6
]50X6 ≤ U>∀r@                        (33) 9 sQ) ≥ 0, sRQ) ≥ 0, sQ ≥ 0, sRQ
 ≥ 0,¬ ≥ 0, 0	 ≤ α ≤ 	1 
2.3. Decomposition of inefficiency 10 
Using the optimal solution sQ)∗, sRQ)∗, sQ∗, sRQ
∗, α∗ for [NS-Overall], we can 11 
decompose the overall efficiency indicator ρ∗into its respective inefficiencies as 12 
follows: 13 
ρ∗ = )∑ α	-*	-1	 )∑ α-*-1	2∑ β	52∑ β52,	51	,		51	 ∑ β_5,51	                  (34) 14 
where 15 
Separable input inefficiency: α= =  -
X.∗
N-0X 	>i = 1,···, m@                    (35) 16 
Non-separable input inefficiency:αP= =  >1 − α∗@ +  -^
X.∗
N-0^X >i = 1,···, mP@     (36) 17 
Separable good output inefficiency:βA =  5
X6∗
]50X6 >r = 1,···, s@                (37) 18 
Non-separable good output inefficiency:βPA =  >1 − α∗@>r = 1,···, sP@        (38) 19 
Non-separable bad output inefficiency:βaA =  >1 − α∗@ +  5^
X8∗
]50^X8 >r = 1,···, sPP@  (39) 20 
Expression (34) is useful for finding the sources of inefficiency and the magnitude 21 
of their influence on the efficiency score ρ∗. 22 
2.4. A comprehensive environmental efficiency index weighting with coefficient of 23 
variation method 24 
Suppose that there are k sectors of n provinces incorporated in this study; when we 25 
determine the environmental efficiency score vector Eb∗ ∈ cd for each province i 26 
with the above non-separable ‘good’ and ‘bad’ output SBM, we can construct a 27 
comprehensive environmental efficiency index τb using the coefficient of variation 28 
method. The matrix f∗  and the row vector τ  are defined as follows: f∗ =29 
E∗, ⋯ , Eg∗  ∈ Rh×, τ = τ, ⋯ , τg ∈ R×. 30 
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The Coefficient of variation method is one of the objective weighting method with 1 
a direct use of the information contained in the indicators. The underlying logic is that 2 
the greater variation of the indicator, the more important it is with higher capacity to 3 
reflect the inequality and gaps between different evaluation units (Sheret, 1984). Thus, 4 
it is an appropriate choice for weighting the sectorial efficiency in this paper with the 5 
purpose of clarifying the source of disparities of comprehensive environmental 6 
efficiency on a sectoral basis. The coefficient of variation ijk for each sector j can 7 
be calculated as the ratio of the standard deviation to the mean of each row of matrix 8 
f∗; thus, the weight vector W=w, ⋯ ,wd ∈ R×h can be obtained (see the results of 9 
the weights in Table A2), where wk = ijk/∑ ijkdk\ , (j=1, 	⋯ ,k). Finally, the 10 
comprehensive environmental efficiency index vector can be determine using the 11 
following relation: τ = Wf∗. 12 
  13 
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3. Variables and dataset 1 
A total of 30 regions at the provincial level except for Tibet, due to partially 2 
missing environmental data, in Mainland China are selected as DMUs in this study, 3 
which is more than triple the number of inputs and outputs considered by Cooper et al. 4 
(2001). Variables involving inputs, desirable outputs and undesirable outputs are 5 
tailored based on the characteristics of different sectors, including agriculture, power, 6 
industry, residential and transport for provincial DMUs3, with detailed definitions in 7 
Table 1. To examine the existence of the relationship among the inputs and outputs 8 
data set, we summarize the correlation analysis results in Table A3-A7 of the 9 
Appendix A. The correlation coefficients between input indexes and output indexes 10 
are significantly positive, indicating an isotonic relationship. Also, the correlation 11 
coefficients between input indexes as well as output indexes show that they are not 12 
alternatives to each other and can be incorporated as inputs or outputs in the DEA 13 
framework simultaneously.  14 
 15 
Table 1 16 
Variables, definitions and data sources 17 
Sector Type Indicator Description Data source 
Agricultural 
Inputs 
Labour 
Average annual number of 
employees in agricultural sector 
Date’s Data 
Capital 
Fixed capital investment in 
agricultural sector 
NBSC 
Fertilizer 
Nitrogenous fertilizer used in 
agricultural sector 
CAY 
Energy 
use 
Energy use in agricultural sector CEADs 
Desirable 
outputs 
Value 
added 
Agricultural value added NBSC 
Undesirable 
outputs 
CO2 
Direct CO2 emissions from 
energy use in agricultural sector 
CEADs 
NH3 
NH3 emissions from agricultural 
sector 
MEIC 
Power Inputs 
Labour 
Employment data of thermal 
power generation sector 
MCDB 
Capital 
Installed thermal generation 
capacity 
MCDB 
Energy-rel
ated 
inputs 
Coal inputs 
Authors’ calculation 
based on CESY Other fuel inputs 
                                                             
3
 The reason these five sectors are selected and incorporated in our study is that they are regarded as major 
sources in the MEIC data base, which is where the emission data are derived. In particular, the residential sector 
data include air pollutants from both residential and commercial sectors, which cannot be divided manually. 
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Desirable 
outputs 
Power 
generation 
Amount of generated thermal 
power 
CESY 
CEPY 
Undesirable 
outputs 
CO2 
CO2 emissions from fossil fuel 
inputs in thermal power industry 
Authors’ calculation 
based on CEADs 
SO2 
SO2 emissions from thermal 
power industry 
MEIC NO2 
NH3 emissions from thermal 
power industry 
PM10 
NH3 emissions from thermal 
power industry 
Industry 
Inputs 
Labour 
Annual average number of 
employees in agricultural 
industry NBSC 
Capital 
Fixed capital investment in 
industrial sector 
Energy 
use 
Energy use in industrial sector CEADs 
Desirable 
outputs 
Value 
added 
Industrial value added NBSC 
Undesirable 
outputs 
CO2 
Direct CO2 emissions from 
energy use in industrial sector 
and those from industrial 
processes 
CEADs 
SO2 
SO2 emissions from industrial 
sector 
MEIC NMVOC 
NMVOC emissions from 
industrial sector 
PM10 
PM10 emissions from industrial 
sector 
Residential 
Inputs 
Urban 
residential 
buildings 
Floor space of urban residential 
buildings 
Authors’ calculation 
based on NBSC Rural 
residential 
buildings 
Floor space of rural residential 
buildings 
Appliance
s 
Numbers of appliances in 
residential sector 
Authors’ calculation 
based on NBSC 
Energy 
use 
Energy use in residential sector CEADs 
Desirable 
outputs 
Populatio
n 
Provincial population by the end 
of 2010 
NBSC 
Undesirable 
outputs 
CO2 
Direct CO2 emissions from 
energy use in residential sector 
CEADs 
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CO 
CO emissions from residential 
sector 
MEIC BC 
BC emissions from residential 
sector 
OC 
OC emissions from residential 
sector 
Transport 
Inputs 
Labour 
Annual average number of 
employees in transportation, 
storage and post industries 
NBSC 
Capital 
Fixed capital investment in 
transportation, storage and post 
industries 
Energy 
use 
Energy use in transportation, 
storage and post industries 
CEADs 
Desirable 
outputs 
Value 
added 
Value added in transportation, 
storage and post industries 
NBSC 
Undesirable 
outputs 
CO2 
Direct CO2 emissions from 
energy use in transportation 
sector 
CEADs 
NO2 
SO2 emissions from 
transportation sector 
MEIC CO 
CO emissions from 
transportation sector 
BC 
BC emissions from 
transportation sector 
Notes: NBSC is available at http://www.stats.gov.cn/, MCDB at http://mcid.macrochina.com.cn/, 1 
Date’s Data at http://cndata.datesdata.com.cn/, CEADs at http://www.ceads.net/, MEIC at 2 
http://www.meicmodel.org/tools.html. 3 
 4 
For the agricultural, power, industrial and transportation sectors, labour inputs are 5 
measured by the average annual number of employees in each sector (Zhang and Wei, 6 
2015; Li and Lin, 2016). Capital inputs are indexed by the fixed capital investment in 7 
the agricultural, industrial and transportation sectors (Cui and Li, 2014; Wu et al., 8 
2014) and measured by the installed thermal generating capacity in the power sector 9 
(Xie et al., 2012; Song et al., 2017). In addition, the amount of nitrogenous fertilizer 10 
used was regarded as an important input related to the pollution generated in the 11 
agricultural sector (Zhang et al., 2011). 12 
In particular, energy-related input is regarded as an important resource for 13 
production as well as a major source of pollution for each sector (Choi et al., 2012; 14 
Du et al., 2016; Wu et al., 2016). In this paper, energy consumption involving 20 15 
energy carriers such as coal, coke products, petroleum, natural gas, electricity and 16 
others are all converted into the standard coal equivalent. As 94.67% of thermal 17 
power generation was powered by coal in China in 2010, the energy-related inputs are 18 
divided into coal inputs and other fuel inputs to the power sector for each DMU. In 19 
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addition, to evaluate the environmental efficiency of the residential sector, residential 1 
buildings, appliance usage4and residential energy use (Grösche, 2009) are taken as 2 
input variables. 3 
The desirable output is expressed by the value added of the corresponding sector 4 
for agriculture, industry and transport (Wu et al., 2016), while the amount of power 5 
generation is considered for the power sector (Lin and Yang, 2014). In particular, with 6 
a certain amount of residential buildings, appliance usage and energy input, the larger 7 
the population being supported (Haas, 1997), the more efficient the DMU would be, 8 
and population has thus been treated as desirable output in this paper.  9 
The undesirable outputs are considered to be twofold. On the one hand, CO2 10 
emissions are utilized to evaluate the environmental efficiency of each sector as 11 
associated with greenhouse gas emissions and climate change. On the other hand, 12 
confronting the greater and more serious air pollution within major economic circles 13 
such as Beijing-Tianjin-Hebei Region, nine types of air pollutants, including SO2, 14 
NO2, CO, NMVOC, NH3, PM10, PM2.5, BC, OC (see detailed emission information 15 
in Table B1), are also considered in our study. However, due to total number 16 
limitations on inputs and outputs following the instructions of Cooper et al. (2001), 17 
we introduce a screening principle (see the screening results in Table B1) for air 18 
pollutant indicators in which the top three air pollutants are selected in accordance 19 
with the significance of the severity of the pollution in each sector. First, for a certain 20 
type of air pollutant, we calculate the % proportion of each sector in total emissions 21 
for each DMU. Then, the average value of this percentage within 30 DMUs can be 22 
easily obtained. Finally, the nine air pollutants are ranked by the value of the average 23 
proportion; for example, considering the industrial sector, SO2, NMVOC and PM10 24 
are selected as the top three significant pollutants emitted from industry. However, 25 
NH3 is the only air pollutant indicator in the agricultural sector released by MEIC and 26 
is thus considered to be the most significant pollutant from agriculture (Wagner et al., 27 
2017). 28 
Data for the labour and capital input variables of each sector are collected from 29 
several sources, including the National Bureau of Statistics of China, Date’s Data and 30 
the MCDB. The energy-related data of input variables are obtained from CEADs (Mi 31 
et al., 2017a,b) and the China Energy Statistical Yearbook. Data for desirable outputs 32 
such as the value added of each sector come from the 33 
National Bureau of Statistics of China. As for the undesirable outputs, CO2 emissions 34 
are collected from CEADs and all other air pollutants are drawn from the MEIC 35 
dataset. All data are collected for the year 2010, and the descriptive statistics of the 36 
data set are summarized in Table B2 of Appendix B. Though it is not the latest year 37 
for the dataset, 2010 is taken as the reference year in our study due to several reasons. 38 
On the one hand, a challenge that we have faced historically is that, in 2010, countries 39 
around the world experienced the global financial crisis following with huge pressure 40 
                                                             
4
Due to the various types of home appliances used in the residential sector and reported by the National Bureau 
of Statistics of China, here we calculate the principal component scores based on primary appliance data and 
then apply process normalization to satisfy the data demand of DEA, where the zero value was replaced by an 
infinitesimal 10^(-6) following the instruction of Cooper et al.(2007). 
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of economic growth. However, the Chinese economy was going through a "v-shaped" 1 
rebound (Yao and Zhou, 2015) by stimulating domestic demand which probably be at 2 
the expense of a wasteful use of energy and resources and induce environmental 3 
damage (Jin, 2010). On the other hand, from the perspective of the top-level design of 4 
China's air pollution prevention and control, the first comprehensive policy document 5 
has been issued by the State Council of China on prevention and control of air 6 
pollution in 2010, which aims at establishing a joint defense mechanism to improve 7 
the regional air quality. Thus as a response, our paper investigates the environmental 8 
efficiencies of China's major sectors in 2010, taking energy use and economic growth 9 
as important input and output, providing the policy space to raise energy use 10 
efficiency and realize the sustainable development of China in that special context. 11 
  12 
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4. Results and discussions 1 
4.1. Environmental efficiency analysis by sectors  2 
Some findings can be observed from the sectoral results based on the non-separable 3 
bad output SBM shown in Fig.1 (detailed results can be seen in Table B3, and results 4 
from a conventional SBM with undesirable outputs are shown in Table B4 for 5 
reference). For the agricultural sector, the environmental efficiency is relatively low, 6 
with a nationwide average score at 0.6035. Five provinces (Shanghai, Jiangsu, Hainan, 7 
Guangxi, Guangdong) operated along the production frontier in 2010,and all five lie 8 
in the coastal area of China (Qin et al., 2017).First, generally, the modernization level 9 
is higher in the eastern coastal areas of China, where agriculture has been gradually 10 
modernizing with the increased application of efficient agricultural technology (Zhai 11 
et al., 2009).Furthermore, the emerging middle class of China are concentrated in the 12 
developed eastern coastal provinces, which have a higher demand for green and 13 
ecological agriculture (Shi et al., 2011),giving birth to a new agricultural pattern with 14 
mutual assistance between urban and rural areas and citizen participation. Second, it 15 
can be found that most provinces with higher rankings in environmental efficiency 16 
have low proportions of animal husbandry in agriculture, generally less than 20% 17 
(MA, 2011), with the exception of Guangxi. Guangxi developed a circular economy 18 
in agriculture by promoting a series of measures such as standardization farming, 19 
water-saving irrigation, soil testing, formulated fertilization, nutrition diagnosis, waste 20 
disposal, biogas engineering, and breeding technology (MA, 2011). Taking soil testing 21 
and formulated fertilization as examples, these have been adopted in more than 90% 22 
of the administrative villages in Guangxi, and this has effectively reduced fertilizer 23 
use and agricultural costs (MA, 2011). 24 
 25 
 26 
Fig. 1. Sectoral and Comprehensive environmental efficiency of China in 2010 27 
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Note: AGRIC, POWER, INDUS, RESID and TRANS represent the sectoral environmental 1 
efficiency of the agricultural, power, industry, residential and transportation sectors, respectively; 2 
CEE denotes the comprehensive environmental efficiency, which was categorized into 4 groups, 3 
where ‘I’ represent the lowest environmental efficiency based on natural breaks (Jenks) in ArcGIS 4 
10.   5 
 6 
Second, the thermal power industry of China had an average environmental 7 
efficiency score of 0.8014 in 2010, with more than half of the provinces operating 8 
along the production frontier; this group interestingly contains developed as well as 9 
less developed provinces, consistent with the results from Bi et al. (2014). The 10 
thermal power industry has achieved significant environmental development in China 11 
on account of the promotion of clean coal technology since 19975 and of flue gas 12 
desulphurization in thermal power plants during the11th Five-Year Plan6. As for the 13 
environmentally efficient DMUs, on the one hand, electricity consumption in the 14 
eastern coastal provinces of China largely rely on transfers from central and western 15 
regions, which have higher emissions and lower environmental efficiency, resulting in 16 
better energy-environmental performance per se (Bi et al., 2014). On the other hand, 17 
taking some provinces in northeast and central China as an example, the blind pursuit 18 
of capacity without considering the balance between supply and demand results in a 19 
heavy market with oversupply and a generator set with low energy efficiency (Lu et 20 
al., 2011) for low environmental efficiency over the long term. 21 
Considering the industrial sector, the average environmental efficiency score in 22 
2010 was 0.6471, indicating high potential for efficiency improvement. Only six 23 
provinces (Tianjin, Shanghai, Beijing, Inner Mongolia, Hainan, Guangdong) were 24 
shown to be environmentally efficient, with an efficiency score of 1, in 2010. Most of 25 
the environmentally efficient DMUs in industry have been experiencing a transition 26 
since 2000, as Tianjin has been focusing on the development of strategic emerging 27 
industries involving high-end equipment manufacturing, the new generation of 28 
information technology, energy conservation and environmental protection industries. 29 
Similarly, Shanghai has gradually been transforming its industry into cleaner 30 
high-tech based industries through the promotion of electronic information and 31 
high-end equipment manufacturing in addition to conducting sewage removal and 32 
replacing coal-fired boilers with alternative clean energy sources within traditional 33 
energy intensive industries. To facilitate energy conservation and emissions reduction, 34 
Guangdong has closed down backward and excess production facilities in energy 35 
intensive industries. The Beijing government has tried to lead the tertiary industry to 36 
dominate by shutting down or transferring environmentally polluting industrial 37 
enterprises. In particular, despite a weak foundation in industry, the development 38 
mode in Hainan is not at the expense of environment pollution, as it has assumed 39 
positioning as an international tourism island since 2010. 40 
                                                             
5
See “The 9
th
 Five-Year Plan of Chinese Clean Coal Technology and Development Outline in 2010” (In Chinese) in 
http://www.coal.com.cn/coalnews/articledisplay_82257.html. 
6
See the “The 11
th
 Five-Year Plan for SO2 Treatment of Existing Coal-fired Power Plants” (In Chinese) in 
http://www.gov.cn/gzdt/2007-03/27/content_562672.htm. 
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The nationwide average score for environmental efficiency is 0.7196 for the 1 
residential sectors in China. The analysis shows that there are seven provinces 2 
(Tianjin, Shanghai, Beijing, Ningxia, Hainan, Gansu, Guizhou) with an environmental 3 
efficiency score of 1 in 2010. On the one hand, developed provinces including Tianjin, 4 
Shanghai and Beijing have a higher income level and standard of living, and the 5 
residential buildings in these provinces may be utilized with higher efficiency due to 6 
the concentration of population in these megacities. The second group includes 7 
Ningxia, Gansu, Guizhou and Hainan, which have less developed economies. Thus, 8 
the energy use per capita in their residential sectors would be much lower than the 9 
average national level due to limited purchasing power for domestic appliances and 10 
commercial energy products.  11 
The average environmental efficiency score is shown to be low in the transportation 12 
sector, at 0.5179 for China in 2010, exhibiting the largest variation out of the five 13 
sectors. Tianjin, Shandong, Jiangsu, and Hebei are found to be operating along the 14 
production frontier in 2010.It is known that some provinces have taken a leading role 15 
in the development of green transportation, such as Tianjin, Shandong, Jiangsu and 16 
some cities in Hebei, where the construction of urban rail transit, number of electric 17 
buses and highway quality is among the best7, and as a result, these have been 18 
selected to be pilot and demonstration provinces (cities) in China in 2015. 19 
4.2. Comprehensive environmental efficiency and regional disparities 20 
The results of the weighting of the sectoral efficiency using the coefficient of 21 
variation method are shown in Fig. 1 as well, and the details are summarized in Table 22 
B3. The index score of the comprehensive environmental efficiency for 30 DMUs 23 
varies from 0.3863 to 0.9261; the nationwide average score is 0.6383. Shanghai ranks 24 
at the top, while Shanxi is last. The best five following Shanghai are Jiangsu, Tianjin, 25 
Hainan and Zhejiang, while Yunnan, Chongqing, Sichuan, and Xinjiang follow 26 
Shanxi at the bottom. Taking Shanghai as an example, it operated along the 27 
production frontier (in an environmental context) in most sectors, including 28 
agriculture, power, industry and residential, with a transport efficiency score of 29 
0.7203. 30 
To examine the comprehensive environmental efficiency variation in different 31 
Chinese regions in 2010, the 30 provinces of China8are grouped into 7 areas, which 32 
are termed east (Anhui, Fujian, Jiangsu, Shandong, Shanghai, and Zhejiang), south 33 
(Guangdong, Guangxi, and Hainan), central (Henan, Hubei, Hunan, and Jiangxi), 34 
north (Beijing, Hebei, Inner Mongolia, Shanxi, and Tianjin), northwest (Gansu, 35 
Ningxia, Qinghai, Shaanxi, and Xinjiang), southwest (Chongqing, Guizhou, Sichuan, 36 
and Yunnan) and northeast (Heilongjiang, Jilin, and Liaoning),according to the history 37 
of administrative and geographical regionalization of China. A total of 30 DMUs are 38 
                                                             
7
 See more information on green transportation in Tianjin 
inhttp://www.chinahighway.com/news/2013/780610.php; Shandong in 
http://my.icxo.com/4056579/viewspace-1325981.html; and Jiangsu 
inhttp://news2.jschina.com.cn/system/2012/12/07/015471064.shtml. (In Chinese) 
8
 Tibet, Taiwan, Hong Kong and Macao are not included in our analysis due to data limitations. 
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classified in accordance with the abovementioned pattern to study the differences in 1 
average efficiency across the seven areas; this is shown in Fig. 2.Someinteresting 2 
regional differences can be observed from the regionally averaged environmental 3 
efficiencies in China based on our evaluation. 4 
 5 
Fig. 2. Average efficiencies across seven regions of China. 6 
 7 
Eastern China has the best comprehensive environmental performance, with an 8 
average score of 0.7789, followed by southern China, which has a score of 0.7746. 9 
Although the difference in the average index score is small, the potential reasons for 10 
the better environmental performance in eastern China may depend on the sector 11 
evaluation. In particular, eastern China has the highest economic development level, 12 
the greatest density of residents and, accordingly, the highest demand for 13 
transportation infrastructure; it therefore shows the best environmental performance in 14 
transportation in 2010. Green transportation and rail transit construction in eastern 15 
China has been at the forefront of the country since the 11th Five-Year Plan. For 16 
example, Jiangsu has been taking the lead in the reform of a major traffic management 17 
system, promoting the construction of comprehensive transportation systems to 18 
explore modernization and realize the preliminary implementation of an intelligent 19 
traffic system and green circulating low-carbon technology. 20 
For southern China, agriculture in all three provinces operated along the production 21 
frontier; most areas within southern China have a tropical climate with good rainfall 22 
conditions. Thus, fertilizer inputs have a higher utilization efficiency. In addition, 23 
seaside locations contribute through the development of marine fishery and sea 24 
farming to low energy use and low emissions. The industrial sector of southern China 25 
is the most environmentally friendly and operates at the forefront of energy 26 
conservation and emissions reduction in China. Taking some southern provinces as 27 
examples, Hainan has targeted the international tourism market since 2010, while 28 
Guangdong has closed inefficient and outdated production facilities. 29 
In contrast, southwestern, northeastern and northwestern China exhibit the worst 30 
performance, with average comprehensive environmental efficiencies of 0.4909, 31 
0.5893 and 0.5212, respectively. Taking the industrial sector of southwestern China as 32 
0
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an example, due to lying on the Qinghai-Tibet Plateau and within the Hengduan 1 
Mountains, provinces in southwestern China has the weakest industrial conditions and 2 
the lowest starting point of industrialization. In addition, the sulphur content in the 3 
coal of southwestern China is extremely high, making theSO2 emissions per unit of 4 
industrial value added reach2.37 and2.91 (Kt/billion RMB), which is almost triple the 5 
national average (0.86 Kt/billion RMB). In addition, power generation in northeastern 6 
China has the lowest environmental efficiency. According to the National Energy 7 
Administration of China, there is a phenomenon called “Nest Electricity”9, which is a 8 
serious issue in northeastern China that stems from limitations in the coupling 9 
components between the generator set, power plants, or local power grid. In these 10 
cases, extra power cannot be transferred to the major grid, leading to huge amounts of 11 
wasted electricity, which further indicates a lag of construction in power delivery.  12 
4.3. Inefficiency decomposition and benchmarking analysis 13 
Due to the application of an SBM in our study, in which an inefficient DMU can 14 
reduce its input and undesirable output simultaneously if it intends to achieve 15 
efficiency (Chen and Jia, 2017), the inefficiency score and the benchmarks for each 16 
DMU to be efficient by sector have been summarized in TablesB5-B9 in the appendix.  17 
Taking Shanxi, which had the lowest comprehensive environmental efficiency in 18 
2010, as an example, it ranks 30th, 24th, 27th, 25th and 19th out of 30 DMUs in the 19 
agriculture, power, industry, residential and transport sectors, respectively. Regarding 20 
agriculture in Shanxi, the inefficiencies are attributed to capital input that is higher 21 
than the effective level, and this should correspondingly be reduced by 15.35 billion 22 
RMB in 2010. Meanwhile, NH3 should be reduced by 17.81 tons in order to realize 23 
environmental efficiency in Shanxi. As a province located in the transition zone 24 
between cropping and nomadic areas, Shanxi should probably consider improving its 25 
feed nutrition formula and the development of a circular economy based on nitrogen 26 
uptake and utilization.  27 
Ningxia, Guizhou, Gansu, Shanxi and Liaoning have the lowest environmental 28 
efficiency in the industrial sector in 2010. Ningxia, for example, should decrease 29 
labour, capital and energy use by 3.50 thousand people, 57.33 billion RMB and 10.33 30 
tce, respectively, by benchmarking. Correspondingly, SO2, PM10 and CO2 should be 31 
reduced by 150.81 Kt, 43.94 Kt and 56.00 Mt. 32 
For one of northeastern provinces, Heilongjiang, which was discussed above in 33 
terms of its low environmental efficiency in the power sector due to an over-supply 34 
problem, the power sector should be decreased by 95.48 thousand employees, 35 
2594.0483 thousand kw of generation capacity, and 0.19 million tce of other fuel 36 
inputs to attain efficiency in power generation. In addition, it should also decrease its 37 
SO2, NO2, PM10 and CO2 emissions by 29.03 Kt, 22.85 Kt, 28.46 Kt and 1.28 Mt, 38 
respectively, based on undesirable outputs. 39 
According to the environmental evaluation of the residential sector, people in 40 
                                                             
9
 For more information, seehttp://zfxxgk.nea.gov.cn/auto84/201607/t20160711_2274.htm?keywords= (In 
Chinese). 
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Hubei, Shandong, Chongqing, Hebei and Hunan live a less environmentally friendly 1 
lifestyle; these are all provinces with a large population in China. For example, Hubei 2 
is shown to be in excess of the benchmark number of urban and rural residential 3 
buildings as well as appliances. In addition, CO, BC, OC and CO2should respectively 4 
be reduced by 800.77 Kt, 12.41 Kt, 1.93 Kt and 1.68 Mt. Potentially, a high number of 5 
residential building per capita may lead to low efficiency in energy and resource 6 
utilization for the area and thus low environmental efficiency, where Hunan ranks top 7 
in the number of urban residential buildings, and all five provinces have rural 8 
residential buildings that are larger than the national average level per capita. 9 
Yunnan has the second lowest comprehensive environmental efficiency, and it is 10 
the most environmentally inefficient in the transportation sector. To reach the 11 
benchmark in transportation, Yunnan would need decrease labour, capital and energy 12 
inputs by 129.27 thousand people, 78.00 billion RMB and 2.41 million tce, 13 
respectively, as well as reduce emissions by 15.88 Kt NO2, 133.01 Kt CO and 5.05 Mt 14 
CO2. 15 
Fig. 3 shows the potential emissions reduction for CO2 and three major air 16 
pollutants (SO2, NO2, PM10) for 30 DMUs based on the slack results for bad output 17 
excess in 2010. As for CO2, the provinces in the north of China show the most 18 
reduction potential based on the benchmarking results. Without reducing desirable 19 
output, Shandong, Shanxi, Hebei, Henan and Liaoning can respectively reduce 352, 20 
308, 306, 297 and 246 Mt CO2 from the five socioeconomic sectors compared to 21 
2010. Regarding pollution emissions, Shandong shows the greatest potential to reduce 22 
the most pollutants, with 1515, 121 and 752 Kt of SO2, NO2 and PM10, respectively, 23 
in order to reach its ideal benchmark point at the frontier of best practices, followed 24 
by Shanxi, Hubei, Chongqing and Henan for SO2 reduction; Zhejiang, Anhui, and 25 
Guangdong for NO2 reduction; and Henan, Shanxi, Hebei and Hunan for PM10 26 
reduction. In particular, Inner Mongolia has the largest potential out of 30 DMUs for 27 
NO2 reduction (170 Kt) from power generation and transportation. However, SO2 and 28 
PM10 pollution is relatively more serious than NO2 emissions, which implies that 29 
abatement measures need to be further taken to control the SO2 and PM10 emissions 30 
to solve the increase in serious air pollution in China. 31 
 32 
 33 
Fig. 3. Emission reduction potential for major air pollutants. 34 
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4.4. Limitations and uncertainties 1 
However, it is advisable to recognize some limitations to this research and thus to 2 
follow those directions as future possible extensions. In the first place, only five major 3 
socioeconomic sectors have been incorporated at this point, leaving the commercial 4 
and construction sectors, among others, out of this accounting. Accordingly, it is 5 
important to acknowledge that the results should be interpreted with some caution 6 
where reduction potentials need to be considered as partial amounts and as a bottom 7 
line. Second, no attempt is made to measure environmental efficiency over time, 8 
which is certainly of great significance. Another limitation of the study is that the 9 
DMUs and input–output indicators were selected at the province level, but more 10 
targeted implications can be provided if air pollutant data aggregated at the city level 11 
or below by sector can be reported and analysed for China. Furthermore, there is a 12 
need for investment in certain sectors to improve their environmental efficiency; there 13 
is also a need for research to understand these actions. A logical extension of the 14 
present study would be to measure the relationship between the potential abatement 15 
actions by sector and a realistic improvement in environmental efficiency, which 16 
would make the evidence for reduction potential and strategies more convincing. 17 
A number of uncertainties may exist in the applications of DEA with diversiform 18 
nature. Though it is not our key focus to handle these uncertainties in our study, it is 19 
important to reveal them so that we know the challenges facing an operational 20 
research analyst in applying DEA in real- world situations (Dyson & Shale, 2010). 21 
When the dataset was adopted, in addition to potential measurement error such as 22 
human error or technical malfunction, it should be noticed that, on the one hand, by its 23 
nature a summary of environmental data may omit the fine detail and, on the other 24 
hand, external data potentially has quality issues outside the control of the user, both 25 
of which are hence potential sources of uncertainty. In our study, most input and 26 
output energy or environment related data are accurate and precise, sourced from the 27 
database developed, reviewed and updated by our cooperating teams from Tsinghua 28 
University and University of East Anglia, keeping the quality within the control. 29 
 30 
  31 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
23 
 
5. Conclusions and policy implications 1 
5.1. Conclusions 2 
 This paper presents a comprehensive environmental efficiency index based on 3 
evaluating environmental performance as related to the major air pollutant emissions 4 
of China’s five socioeconomic sectors and weighting based on the coefficient of 5 
variation method. A non-separable bad output SBM model is adopted to investigate 6 
the variation in air pollutant emission performance across provinces to capture 7 
environmental efficiency by sector. We can come to the following conclusions: 8 
Firstly, the number of environmentally efficient provinces varied by sector. In 2010, 9 
16 provinces are at the production frontier of power sector of China, while 5, 6, 7, 4 10 
provinces for the agricultural, industrial, residential and transportation sectors. 11 
Secondly, as to the comprehensive environmental efficiency, there is a large gap 12 
between the best and the worst provinces. The score of the comprehensive index for 13 
30 provinces varied from 0.3863 to 0.9261, with a nationwide average score of 0.6383; 14 
Shanghai and Shanxi perform the best and worst, respectively. Furthermore, provinces 15 
in the north of China have the greatest potential for the emissions reduction of CO2, 16 
while Shandong has potential for SO2 and PM10 reduction and Inner Mongolia for 17 
NO2 reduction. Finally, from a regional perspective, there are great differences in the 18 
air pollutants emission performance by sector in the seven regions of China. Southern 19 
China dominates in the agricultural, power and industrial sectors while eastern China 20 
has the best environmental performance in transportation. However, northeastern 21 
China shows the largest improvement space in environmental efficiency for power 22 
generation along with southwestern China in industry. Less obvious differences in 23 
regional environmental efficiency can be observed in the residential sector.  24 
5.2. Policy implications 25 
Given a target of maintaining nationwide sustainable development, the Chinese 26 
government should tailor emission reduction policies based on the environmental 27 
performance of different provinces by sector. 28 
First, environmental policies should be discussed and arranged by echelon in terms 29 
of environmental efficiency. On the one hand, for provinces in the second echelon 30 
which are approximately efficient environmentally, or in other words “next-best”, 31 
they should place emphasis on transformation of the production and lifestyle with 32 
energy saving and emission reduction in specific sectors, especially for those with 33 
limited efficient DMUs such as the agricultural, industrial, residential and 34 
transportation sectors, while considering efficient provinces in the first echelon as 35 
typical examples. On the other hand, it may require a mandatory upgrade and 36 
renovation on control or technological system for provinces with the lowest 37 
comprehensive environmental efficiency, thus in the third echelon such as Shanxi.  38 
Second, given different efficiencies and abatement spaces in terms of major air 39 
pollutants such as SO2, NO2, PMs in addition to CO2, though provinces in China may 40 
be standardized to reveal the unique attraction of air quality control, they should 41 
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place different emphasis on emissions reduction measures for selected pollutants and 1 
avoid making one-size-fits-all environmental regulations. 2 
The last but not least, regional coordination and cooperation guiding by the central 3 
government of China would be the top issue of crucial importance. According to the 4 
analysis in this study, it is important to prioritize improvement in environmental 5 
efficiency for northeastern and southwestern China as well as to enhance the 6 
benchmarking effect of southern and eastern China in specific sectors. Also, given 7 
great regional imbalances in environmental efficiency, how to avoid pollution transfer 8 
along with industrial transfer between regions with different stringency of 9 
environmental regulations and policies, which may possibly result in the “pollution 10 
haven” within China, would be worth discussing in the agenda-setting mechanism for 11 
environmental policy of China. 12 
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Appendix A 9 
Table A1 DEA efforts on evaluation of environmental efficiency of China with undesirable 10 
factors 11 
Sector Authors Input 
Desirable 
output 
Undesirabl
e output 
Type 
Orientati
on 
Models 
Agriculture 
Lin & 
Fei(2015) 
Capital stock, 
labor force, 
energy 
consumption 
Agricultur
al output 
CO2 
Non-ra
dial 
Output DEA 
Fei & 
Lin(2017) 
Capital stock, 
labor force, 
energy 
consumption 
Agricultur
al output 
CO2 
Non-ra
dial 
Output DEA 
Coal-fired power 
plants 
Yang & 
Pollitt(2009) 
Installed 
capacity; Labor; 
Fuel 
Annual 
generation 
SO2 
emissions 
Radial 
& 
Non-ra
dial 
Input SBM 
Power industry 
Zhou et 
al.(2013) 
labor; 
investment of 
fixed assets; 
standard coal 
consumption 
Annual 
generation 
CO2;NO;N
O2;SO2 
Non-ra
dial 
Non-orien
tation 
E-SBM 
& Tobit 
regressio
n 
Thermal power 
generation 
Bi et al.(2014) 
installed thermal 
generating 
capacity; labor 
force; coal input; 
gas input 
Annual net 
electricity 
generated 
SO2,NOx,s
oot 
Non-ra
dial 
Input SBM 
Power industry 
Lin & 
Yang(2014) 
energy input; 
labor forces; 
Capital stock 
Power 
generation 
CO2 
Non-ra
dial 
Non-orien
tation 
Dynamic-
SBM 
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Thermal power 
industry 
Li & 
Tang(2016) CO2 
labor 
force, 
industry 
GDP and 
thermal 
power 
generation 
- - - 
ZSG-DE
A 
Coal-fired 
power generation 
industry 
Song et 
al.(2017) 
Installed 
Capacity; Labor; 
Coal input; 
Operational 
expense 
Power 
Generated; 
sulfur 
dioxide 
removed 
Sulfur 
dioxide 
generated 
Non-ra
dial 
Input 
Network 
SBM 
Industry 
Zhang et al. 
(2008) 
Materials; 
energy 
Value 
added 
COD; 
nitrogen; 
SO2, soot; 
dust; 
waste solid 
- Input CCR 
Industry Zhang(2009) labor; capital Value 
added 
waste gas 
Non-ra
dial 
Output DEA 
Industry 
Shi et al. 
(2010) 
Energy; fixed 
assets 
investment; 
labor 
Value 
added 
Waste gas Radial Input SBM 
Iron and steel firms He at al.(2013) 
Net fixed assets; 
Employees; 
Energy 
Value 
added 
Waste gas; 
Waste 
water; Solid 
Waste 
Non-ra
dial 
Input 
CCR & 
DDF 
Industry 
Meng et al. 
(2013) Energy; labor 
Value 
added 
Waste 
water, solid 
waste, CO2 
Non-ra
dial 
Output DEA 
Industry 
Pan et al. 
(2013) 
Energy; labor; 
capital 
Value 
added 
Waste gas Radial Input 
SBM & 
Tobit 
model 
27 Industrial sectors 
Zhou et al. 
(2013) 
Industrial 
average annual 
investment; 
labor; 
energy 
Industrial 
production 
value 
Waste gas, 
waste 
water, 
waste solid 
Non-ra
dial 
Non-orien
tation 
A 
weighted 
SBM & 
Tobit 
model 
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36 industrial sectors 
Li and Shi 
(2014) 
Energy; labor; 
capital 
GDP 
Waste gas, 
waste 
water, 
industrial 
residue 
Non-ra
dial 
Non-orien
tation 
A 
Super-SB
M model 
& Tobit 
regressio
n 
model 
Industry 
Wang and Wei 
(2014) 
Energy; labor; 
capital 
Value 
added 
SO2; CO2 Radial - 
DEA & 
EKC 
regressio
n model 
Industry Wu et al.(2014) 
Total investment 
in fixed assets of 
industry; 
Electricity 
consumption 
by industry 
Gross 
regional 
product of 
industry 
NO2 Radial Output 
Fixed 
sum 
output 
DEA 
Industry 
Bian et 
al.(2015) 
Fixed assets; 
Labor; Energy 
consumption; 
Industrial 
pollution 
abatement 
investment 
GDP 
COD; SO2; 
Ammonia 
nitrogen 
(NH4-N); 
Output 
value from 
utilization 
of industrial 
waste 
Non-ra
dial 
Non-orien
tation 
Two-stag
e SBM 
DEA 
29 manufacturing 
sectors 
Xie et al.(2016) 
Expenditure 
of facilities for 
treatment; Ratio 
of 
environmental 
personnel; 
Quantity of 
facilities for 
treatment 
Output 
value of 
products 
made from 
the wastes 
Solid 
waste; 
wastewater; 
waste gas 
Non-ra
dial 
Input BCC 
Industry 
Wang et 
al.(2016) 
Energy; labor; 
capital; R&D 
investment; 
investments on 
administering 
industrial 
pollutants 
Value 
added 
CO2; 
SO2 ;solid 
waste; 
wastewater 
- - RAM 
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Industry 
Chen & Jia 
(2017) 
Energy; labor; 
capital 
GDP 
SO2; Solid 
waste 
Non-ra
dial 
Input 
SBM 
model 
Residential Grösche (2009) energy 
consumption 
space 
heating & 
cooling, 
water 
heating, 
cooking, 
and 
electric 
appliances 
- - - DEA 
Transport 
Chang et 
al.(2013) 
Energy; labor; 
capital 
Value 
added 
CO2 
Non-ra
dial 
Non-orien
tation 
SBM 
Transport 
Zhou et 
al.(2013) Labor; Energy 
passenger 
kilometers
;tonne 
kilometer 
CO2 - Output DEA 
Transport Cui&Li(2014) Energy; labor; 
capital 
freight 
turnover 
volume 
and 
passenger 
turnover 
volume 
turnover 
volume 
- - - 
Three-sta
ge virtual 
frontier 
DEA 
Transport 
Zhou et 
al.(2014) Labor; Energy 
passenger 
kilometers
; tonne 
kilometer 
CO2 
Non-ra
dial 
Input DEA 
Transport Cui&Li(2015) 
Carbon 
inputs;labor; 
capital 
freight 
turnover 
volume 
and 
passenger 
turnover 
volume 
turnover 
volume 
- - - 
A virtual 
frontier 
DEA 
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Railway 
transportation 
Song et 
al.(2016) 
Energy; labor; 
capital 
GDP CO2; SO2 
Non-ra
dial 
- 
Natural 
disposabi
lity DEA 
& Panel 
data 
regressio
n model 
Transportation Wu et al.(2016) 
Passenger seats, 
capital, highway 
mileage, Cargo 
tonnage; Energy 
input 
Passenger 
turnover 
and freight 
turnover 
CO2 
Non-ra
dial 
Input DEA 
Transport 
Zhang et 
al.(2015) 
Energy; labor; 
capital 
gross 
product 
CO2 
Non-ra
dial 
- 
SBM & 
DDF 
Road and railway 
sectors 
Liu et al.(2016) Labor; Energy 
passenger 
turnover 
and freight 
turnover 
CO2 
Non-ra
dial 
Non-orien
tation 
DEA 
window 
analysis; 
Tobit 
model 
 1 
 2 
 3 
 4 
 5 
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Table A2 Weights information for non-separable bad output SBM model 1 
Sector Agriculture Power Industry Residential Transport Sum 
Mean 0.6035 0.8014 0.6471 0.7196 0.5179 - 
Standard 
deviation 
0.2629 0.2346 0.2268 0.2094 0.2550 - 
 Coefficient of 
variation 
0.4357 0.2927 0.3505 0.2910 0.4924 1.8623 
Weights 23.39% 15.72% 18.82% 15.63% 26.44% 100.00% 
 2 
Table A3 Correlation coefficients among inputs and outputs of agricultural sector. 3 
 
Labor Capital 
Energy 
use 
nitrogenous 
fertilizer 
NH3 CO2 
Value 
added 
Labor 1.00 0.58*** 0.51*** 0.80*** 0.84*** 0.40*** 0.84*** 
Capital 0.58*** 1.00 0.64*** 0.65*** 0.70*** 0.53*** 0.61*** 
Energy use 0.51*** 0.64*** 1.00 0.68*** 0.52*** 0.93*** 0.71*** 
nitrogenous 
fertilizer 
0.80*** 0.65*** 0.68*** 1.00 0.88*** 0.58*** 0.91*** 
NH3 0.84*** 0.70*** 0.52*** 0.88*** 1.00 0.37** 0.84*** 
CO2 0.40*** 0.53*** 0.93*** 0.58*** 0.37*** 1.00 0.59*** 
Value added 0.84*** 0.61*** 0.71*** 0.91*** 0.84*** 0.59*** 1.00 
Note: ⁎, ⁎⁎ and ⁎⁎⁎ present the significance at levels of 10%, 5% and 1% respectively, the same 4 
hereinafter. 5 
 6 
Table A4 Correlation coefficients among inputs and outputs of power sector. 7 
 
Labor 
Generation 
Capacity 
Coal input Other fuel input SO2 NO2 PM10 CO2 
Electricity 
generation 
Labor 1.00  0.65*** 0.67*** 0.52*** 0.54*** 0.71*** 0.80*** 0.68*** 0.63*** 
Generation 
Capacity 
0.65*** 1.00 0.98*** 0.70*** 0.73*** 0.97*** 0.93*** 0.99*** 0.99*** 
Coal input 0.67*** 0.98*** 1.00 0.60*** 0.79*** 0.99*** 0.95*** 1.00 0.97*** 
Other fuel 
input 
0.52*** 0.70*** 0.60*** 1.00 0.40*** 0.62*** 0.59*** 0.63*** 0.70*** 
SO2 0.54*** 0.73*** 0.79*** 0.40*** 1.00 0.79*** 0.76*** 0.78*** 0.73*** 
NO2 0.71*** 0.97*** 0.99*** 0.62*** 0.79*** 1.00  0.97*** 0.99*** 0.97*** 
PM10 0.80*** 0.93*** 0.95*** 0.59*** 0.76*** 0.97*** 1.00  0.95*** 0.92*** 
CO2 0.68*** 0.99*** 1.00  0.63*** 0.78*** 0.99*** 0.95*** 1.00  0.98*** 
Electricity 
generation 
0.63*** 0.99*** 0.97*** 0.70*** 0.73*** 0.97*** 0.92*** 0.98*** 1.00 
 8 
Table A5 Correlation coefficients among inputs and outputs of industry sector. 9 
 
Labor Capital Energy use SO2 NMVOC PM10 CO2 Value added 
Labor 1.00 0.55*** 0.66*** 0.47*** 0.91*** 0.52*** 0.66*** 0.96*** 
Capital 0.55*** 1.00 0.84*** 0.69*** 0.72*** 0.83*** 0.85*** 0.73*** 
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Energy use 0.66*** 0.84*** 1.00 0.77*** 0.81*** 0.90*** 0.95*** 0.81*** 
SO2 0.47*** 0.69*** 0.77*** 1.00 0.65*** 0.85*** 0.78*** 0.62*** 
NMVOC 0.91*** 0.72*** 0.81*** 0.65*** 1.00 0.71*** 0.82*** 0.96*** 
PM10 0.52*** 0.83*** 0.90*** 0.85*** 0.71*** 1.00 0.91*** 0.69*** 
CO2 0.66*** 0.85*** 0.95*** 0.78*** 0.82*** 0.91*** 1.00 0.81*** 
Value added 0.96*** 0.73*** 0.81*** 0.62*** 0.96*** 0.69*** 0.81*** 1.00 
 1 
Table A6 Correlation coefficients among inputs and outputs of residential sector. 2 
 
Urban 
residenti
al 
building
s 
Rural 
residential 
buildings 
Appliance
s 
Energy 
use 
CO BC OC CO2 
Popula
tion 
Urban 
residential 
buildings 
1.00 0.77*** 0.96*** 0.84*** 0.39*** 0.34*** 0.44*** 0.66*** 0.93*** 
Rural 
residential 
buildings 
0.77*** 1.00 0.62*** 0.65*** 0.66*** 0.63*** 0.71*** 0.53*** 0.91*** 
Appliances 0.96*** 0.62*** 1.00 0.79*** 0.23*** 0.19*** 0.31 0.59*** 0.83*** 
Energy use 0.84*** 0.65*** 0.79*** 1.00 0.60*** 0.56*** 0.56 0.94*** 0.84*** 
CO 0.39* * 0.66*** 0.23 0.60*** 1.00 0.97*** 0.97 0.67*** 0.64*** 
BC 0.34* 0.63*** 0.19 0.56*** 0.97*** 1.00 0.93 0.63*** 0.60*** 
OC 0.44 0.71*** 0.31* 0.56*** 0.97*** 0.93*** 1.00 0.58*** 0.70*** 
CO2 0.66*** 0.53*** 0.59*** 0.94*** 0.67*** 0.63*** 0.58 1.00 0.71*** 
Population 0.93*** 0.91*** 0.83*** 0.84*** 0.64*** 0.60*** 0.70*** 0.71*** 1.00 
 3 
Table A7 Correlation coefficients among inputs and outputs of transportation sector. 4 
 
Labor Capital Energy use NO2 CO BC CO2 Value added 
Labor 1.00 0.67*** 0.79*** 0.57*** 0.72*** 0.45*** 0.78*** 0.73*** 
Capital 0.67*** 1.00 0.71*** 0.65*** 0.75*** 0.54*** 0.70*** 0.76*** 
Energy use 0.79*** 0.71*** 1.00 0.66*** 0.79*** 0.60*** 1.00 0.80*** 
NO2 0.57*** 0.65*** 0.66*** 1.00 0.90*** 0.98*** 0.64*** 0.85*** 
CO 0.72*** 0.75*** 0.79*** 0.90*** 1.00 0.84*** 0.77*** 0.90*** 
BC 0.45*** 0.54*** 0.60*** 0.98*** 0.84*** 1.00 0.59*** 0.79*** 
CO2 0.78*** 0.70*** 1.00 0.64*** 0.77*** 0.59*** 1.00 0.79*** 
Value added 0.73*** 0.76*** 0.80*** 0.85*** 0.90*** 0.79*** 0.79*** 1.00 
 5 
 6 
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Appendix B 1 
Table B1 Emission Information for Major Air Pollutants from Socioeconomic Sectors 2 
(Kt, %) 3 
Air 
pollutants 
Agriculture Power Industry Residential Transport 
SO2 - - 8081 28.38% 16686 58.60% 3483 12.23% 223 0.78% 
NO2 - - 9330 32.71% 11069 38.81% 1123 3.94% 7001 24.54% 
CO - - 2021 1.19% 71157 41.84% 76552 45.02% 20326 11.95% 
NMVOC - - 251 1.09% 14160 61.68% 6194 26.98% 2354 10.25% 
NH3 9013 92.35% 0 0.00% 238 2.44% 442 4.53% 67 0.69% 
PM10 - - 1387 8.39% 9403 56.87% 5238 31.68% 506 3.06% 
PM2.5 - - 891 7.34% 6033 49.66% 4730 38.93% 494 4.07% 
BC - - 2 0.10% 573 32.62% 907 51.68% 274 15.59% 
OC - - 0 0.00% 528 15.64% 2751 81.41% 100 2.95% 
Note：?% Data in bold are those corresponding air pollutants selected into DEA model as bad 4 
outputs for specific sectors based on our screening principle. 5 
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Table B2 Descriptive statistics of the data set 1 
Sector Variable Unit Mean 
Std. 
Dev. 
Min Max 
Agriculture 
(IS)Labor Thousand 9,371.41 6,889.19 363.5 27,117.20 
(IS) Capital Billion 
RMB 
13.03 9.7 0.42 31.15 
(INS)Nitrogenous 
fertilizer 
Kt 783.90 582.57 35.00 2439.00 
(INS)Energy use Mt ce 2.17 1.27 0.16 4.92 
(OSGood)Value 
added 
Billion 
RMB 
Yuan 
134.88 95.14 11.41 358.83 
(ONSBad)NH3 Kt 298.01 254.51 27.5 1,199.44 
(ONSBad)CO2 Mt ce 3.72 2.18 0.32 7.72 
Power 
(IS)Labor Thousand 23.54 24.09 0.56 100.8 
(IS)Generation 
capacity 
Thousand 
kW 
23,645 17,443 1,930 60,020 
(INS)Coal input Mt ce 36.28 27.56 3.37 98.91 
(INS)Other fuel input Mt ce 2.04 2.26 0.06 8.77 
(ONSGood)Electricity 
generation 
Billion 
kWh 
113.86 88.6 10.21 330.48 
(ONSBad)SO2 Kt 269.38 214.62 7.2 787.7 
(ONSBad)NO2 Kt 311.01 242.35 28.1 945.2 
(ONSBad)PM10 Kt 46.24 35.59 2.5 139 
(ONSBad)CO2 Mt ce 97.41 73.79 9.4 260.83 
Industry 
(IS)Labor Thousand 3,180.93 3,596.90 124.4 15,680.00 
(IS)Capital Billion 
RMB 
326 230.24 17.41 855.53 
(INS)Energy use Mt ce 65.44 45.66 5.76 183.87 
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(OSGood)Value 
added 
Billion 
RMB 
643.67 547.79 38.52 2,146.27 
(ONSBad)SO2 Kt 556.19 436.18 13.63 1,981.22 
(ONSBad)NMVOC Kt 471.91 359.4 39.74 1,446.63 
(ONSBad)PM10 Kt 313.34 234.26 21.33 982.12 
(ONSBad)CO2 Mt ce 236.29 164.79 18.92 652.96 
Residential 
(IS)Urban residential 
buildings 
Million 
m2 
698.09 506.92 63.41 2300.60 
(IS)Rural residential 
buildings 
Million 
m2 
757.84 567.80 66.55 1995.48 
(IS)Appliances - 0.22 0.21 0.0010 1.00 
(INS)Energy use Mt ce 7.93 4.67 0.76 19.73 
(OSGood)Population Thousand 44,362 27,088 5,630 104,410 
(ONSBad)CO Kt 2,550.43 1,714.07 191 6,357.30 
(ONSBad)BC Kt 30.21 19.67 2.4 67.7 
(ONSBad)OC Kt 91.62 61.79 4.3 246.2 
(ONSBad)CO2 Mt ce 11.46 6.98 0.89 26.05 
Transport 
(IS)Labor Thousand 241.91 141.12 34.45 649.22 
(IS)Capital Billion 
RMB  
74.83 38.83 8.39 163.69 
(INS)Energy use Mt ce 8.96 6.07 1.1 26.32 
(OSGood)Value 
added 
Billion 
RMB 
71.63 51.64 6.13 197.1 
(ONSBad)NO2 Kt 232.53 157.28 31.6 704.4 
(ONSBad)CO Kt 675.66 486.75 97.1 2,044.30 
(ONSBad)BC Kt 9.09 7.44 1.1 35.4 
                                                             
10
 The zero value of principal component score after normalization processing was been replaced by a 
infinitesimal 10^(-6) for DEA processing following the instruction of Cooper et al.(2007). 
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(ONSBad)CO2 Mt ce 17.89 12.41 2.24 53.1 
Notes: IS, INS, OSGood, ONSGood and ONSBad respectively denotes separable input, 1 
non-separable input, separable good output, non-separable good output and non-separable bad 2 
output. 3 
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Table B3 Sectoral and comprehensive environmental efficiency (Based on non separable bad 1 
output SBM) 2 
Region DMU Agriculture Power Industry Residential Transport 
Comprehensive 
Index 
East Anhui 0.6816 0.7426 0.4901 0.6254 0.4979 0.5978 
North Beijing 0.3321 1.0000 1.0000 1.0000 0.5068 0.7134 
Southwest Chongqing 0.2453 0.5912 0.6066 0.4540 0.3626 0.4313 
East Fujian 0.8434 1.0000 0.5973 0.5246 0.7793 0.7549 
Northwest Gansu 0.3064 1.0000 0.3718 1.0000 0.3914 0.5586 
South Guangdong 1.0000 0.7667 1.0000 0.7335 0.5385 0.7997 
South Guangxi 1.0000 1.0000 0.5490 0.8266 0.3393 0.7133 
Southwest Guizhou 0.3839 1.0000 0.3226 1.0000 0.7050 0.6504 
South Hainan 1.0000 1.0000 1.0000 1.0000 0.2844 0.8108 
North Hebei 0.7682 1.0000 0.5456 0.4704 1.0000 0.7775 
Northeast Heilongjiang 0.3904 0.3697 0.7778 0.7727 0.3305 0.5040 
Central Henan 0.5948 0.4254 0.5979 0.7573 0.4849 0.5651 
Central Hubei 0.5904 1.0000 0.4621 0.3975 0.3989 0.5499 
Central Hunan 0.4811 1.0000 0.5505 0.4805 0.5375 0.5905 
North Inner Mongolia 0.2952 0.7202 1.0000 0.5639 0.5322 0.5993 
East Jiangsu 1.0000 1.0000 0.6508 0.5034 1.0000 0.8567 
Central Jiangxi 0.8820 0.7153 0.5727 0.7209 0.4829 0.6669 
Northeast Jilin 0.7119 0.4673 0.5519 0.7348 0.3383 0.5481 
Northeast Liaoning 0.6218 0.4809 0.4247 0.6552 0.4088 0.5115 
Northwest Ningxia 0.3641 1.0000 0.2987 1.0000 0.8057 0.6679 
Northwest Qinghai 0.5972 1.0000 0.8046 0.9750 0.2172 0.6581 
Northwest Shaanxi 0.4711 1.0000 0.8119 0.5272 0.2859 0.5782 
East Shandong 0.8407 0.6660 0.5404 0.4463 1.0000 0.7372 
East Shanghai 1.0000 1.0000 1.0000 1.0000 0.7203 0.9261 
North Shanxi 0.1930 0.5695 0.3827 0.4805 0.3952 0.3863 
Southwest Sichuan 0.6786 0.4274 0.4549 0.5347 0.2420 0.4591 
North Tianjin 0.2735 1.0000 1.0000 1.0000 1.0000 0.8300 
Northwest Xinjiang 0.4654 0.4469 0.6112 0.8299 0.2275 0.4840 
Southwest Yunnan 0.3182 0.6526 0.5125 0.7853 0.1006 0.4228 
East Zhejiang 0.7752 1.0000 0.9245 0.7885 0.6247 0.8009 
Nationwide Average 0.6035 0.8014 0.6471 0.7196 0.5179 0.6383 
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Table B4 Sectoral and comprehensive environmental efficiency (Based on traditional SBM 1 
with undesirable output) 2 
Region DMU 
Agricu
lture 
Power 
Indust
ry 
Residenti
al 
Transpo
rt 
Comprehens
ive Index 
East Anhui 0.7375 0.7627 0.5642 0.7034 0.5536 0.6539 
North Beijing 0.3610 1.0000 1.0000 1.0000 0.5394 0.7102 
Southwest Chongqing 0.2623 0.6601 0.7347 0.5155 0.4075 0.4816 
East Fujian 1.0000 1.0000 0.6386 0.7208 1.0000 0.8943 
Northwest Gansu 0.3234 1.0000 0.4199 1.0000 0.4364 0.5675 
South Guangdong 1.0000 0.7882 1.0000 0.7517 0.5883 0.8195 
South Guangxi 1.0000 1.0000 0.6121 1.0000 0.3633 0.7536 
Southwest Guizhou 0.4079 1.0000 0.3696 1.0000 0.7451 0.6654 
South Hainan 1.0000 1.0000 1.0000 1.0000 0.3086 0.8084 
North Hebei 1.0000 1.0000 0.6123 0.5308 1.0000 0.8620 
Northeast Heilongjiang 0.4114 0.4318 1.0000 0.8348 0.3607 0.5679 
Central Henan 0.6275 0.4797 0.7182 0.7904 0.5407 0.6222 
Central Hubei 0.6224 1.0000 0.5176 0.4555 0.4256 0.5790 
Central Hunan 0.5166 1.0000 0.7102 0.5276 0.5782 0.6396 
North 
Inner 
Mongolia 
0.3174 0.7588 1.0000 0.6354 0.5832 0.6237 
East Jiangsu 1.0000 1.0000 0.7102 0.5389 1.0000 0.8808 
Central Jiangxi 1.0000 0.7385 1.0000 1.0000 0.5187 0.8291 
Northeast Jilin 1.0000 0.5065 0.6081 0.8086 0.3702 0.6561 
Northeast Liaoning 0.6970 0.5526 0.4668 0.7394 0.4372 0.5689 
Northwest Ningxia 0.3872 1.0000 0.3449 1.0000 1.0000 0.7263 
Northwest Qinghai 1.0000 1.0000 1.0000 1.0000 0.2444 0.7907 
Northwest Shaanxi 0.4941 1.0000 1.0000 0.5868 0.3163 0.6222 
East Shandong 1.0000 0.7251 0.6085 0.5007 1.0000 0.8175 
East Shanghai 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
North Shanxi 0.2092 0.6420 0.4594 0.5542 0.4272 0.4270 
Southwest Sichuan 0.7084 0.4915 0.5028 0.5871 0.2679 0.5005 
North Tianjin 0.2949 1.0000 1.0000 1.0000 1.0000 0.8210 
Northwest Xinjiang 0.4889 0.5148 0.6849 0.8739 0.2592 0.5202 
Southwest Yunnan 0.3362 0.7137 0.5815 0.8633 0.1170 0.4504 
East Zhejiang 1.0000 1.0000 1.0000 1.0000 0.6692 0.9083 
Nationwide Average 0.6734 0.8255 0.7288 0.7840 0.5686 0.6923 
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Table B5 Decomposition of inefficiency and benchmarks for agricultural sectors  1 
DMU 
Sco
re 
Separable Input 
Excess 
NonSeparable Input Excess 
NSBad Output 
Excess 
Labor Capital 
Energy 
use 
Nitrogenous 
fertilizer 
NH3 CO2 
Anhui 0.68 
4171.07 5.08 0.00 584.14 165.14 0.92 
(0.07) (0.13) (0) (0.13) (0.17) (0.09) 
Beijing 0.33 139.20 0.25 0.10 0.00 14.98 0.09 (0.05) (0.15) (0.17) (0.13) (0.26) (0.21) 
Chongqing 0.25 
3507.63 16.08 0.26 106.03 0.00 1.15 
(0.14) (0.24) (0.13) (0.16) (0.14) (0.21) 
Fujian 0.84 755.42 4.65 0.95 299.59 0.00 1.10 (0.03) (0.18) (0.1) (0.16) (0) (0.09) 
Gansu 0.31 
4849.43 7.60 0.51 231.42 168.87 0.00 
(0.17) (0.23) (0.08) (0.15) (0.25) (0) 
Guangdong 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) 
Guangxi 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) 
Guizhou 0.38 
9350.00 0.90 0.00 289.56 193.87 0.31 
(0.2) (0.13) (0.01) (0.16) (0.25) (0.05) 
Hainan 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) 
Hebei 0.77 
0.00 24.14 2.45 1206.43 883.66 0.00 
(0) (0.19) (0.18) (0.2) (0.39) (0) 
Heilongjian
g 
0.39 
2387.92 21.17 0.00 257.67 82.41 0.01 
(0.08) (0.23) (0.06) (0.14) (0.18) (0.08) 
Henan 0.59 
0.00 9.42 0.00 426.89 327.74 0.01 
(0) (0.08) (0.06) (0.11) (0.18) (0.09) 
Hubei 0.59 
373.69 16.40 0.15 1141.73 97.68 0.00 
(0.01) (0.21) (0.01) (0.18) (0.11) (0) 
Hunan 0.48 
9151.76 19.12 1.81 722.95 187.48 0.00 
(0.12) (0.22) (0.09) (0.16) (0.18) (0) 
Inner 
Mongolia 
0.30 
1204.34 29.50 0.06 99.11 34.28 0.00 
(0.05) (0.24) (0.14) (0.16) (0.21) (0.18) 
Jiangsu 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) 
Jiangxi 0.88 
843.37 8.23 0.00 18.13 73.83 0.47 
(0.02) (0.18) (0) (0.01) (0.14) (0.08) 
Jilin 0.71 
0.00 12.08 0.00 631.42 272.30 0.34 
(0) (0.21) (0) (0.24) (0.34) (0.05) 
Liaoning 0.62 
291.82 19.46 0.02 347.20 185.51 0.00 
(0.01) (0.22) (0) (0.13) (0.2) (0) 
Ningxia 0.36 627.90 1.74 0.14 186.38 82.28 0.00 
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(0.12) (0.22) (0.11) (0.26) (0.36) (0) 
Qinghai 0.60 0.00 1.52 0.18 0.00 124.59 0.39 (0) (0.14) (0.28) (0) (0.43) (0.41) 
Shaanxi 0.47 
0.00 14.00 0.37 262.69 0.00 0.43 
(0) (0.16) (0.13) (0.13) (0.07) (0.15) 
Shandong 0.84 
0.00 12.51 0.37 918.29 715.09 0.00 
(0) (0.15) (0.02) (0.14) (0.29) (0) 
Shanghai 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) 
Shanxi 0.19 
4101.34 15.35 0.03 6.85 17.81 0.00 
(0.16) (0.24) (0.16) (0.16) (0.24) (0.21) 
Sichuan 0.68 
0.00 4.74 0.18 0.00 24.54 1.18 
(0) (0.05) (0.07) (0.05) (0.08) (0.15) 
Tianjin 0.27 159.90 3.91 0.04 15.08 4.98 0.00 (0.05) (0.24) (0.15) (0.17) (0.22) (0.19) 
Xinjiang 0.47 0.00 8.39 0.44 384.76 163.64 0.00 (0) (0.21) (0.07) (0.15) (0.21) (0.03) 
Yunnan 0.32 
12155.65 10.34 0.00 623.95 185.20 0.44 
(0.18) (0.22) (0.02) (0.18) (0.22) (0.06) 
Zhejiang 0.78 741.51 0.40 2.18 361.89 0.00 4.51 (0.03) (0.04) (0.16) (0.17) (0) (0.23) 
Notes：?Data in the bracket is the corresponding inefficiency score of inputs and outputs and the 1 
same below. 2 
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Table B6 Decomposition of inefficiency and benchmarks for power sectors 1 
DMU Score 
Separable Input Excess NonSeparable Input Excess NonSeparable Input Excess 
Labor Generation Capacity Coal Other fuel SO2 NO2 PM10 CO2 
Anhui 0.74 
8.67 0.00 0.40 1.70 0.00 12.87 9.68 14.99 
(0.1) (0) (0) (0.1) (0) (0.01) (0.04) (0.03) 
Beijing 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) (0) 
Chongqing 0.59 
2.74 223.53 0.00 0.00 90.08 8.56 4.58 1.09 
(0.13) (0.01) (0.04) (0.04) (0.13) (0.05) (0.09) (0.04) 
Fujian 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) (0) 
Gansu 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Guangdong 0.77 
8.57 0.00 2.15 2.85 75.09 0.00 8.20 10.44 
(0.08) (0) (0.01) (0.09) (0.05) (0) (0.02) (0.01) 
Guangxi 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Guizhou 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Hainan 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Hebei 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Heilongjiang 0.37 95.48 2594.05 0.00 0.19 29.04 22.86 28.46 1.28 (0.24) (0.04) (0.08) (0.1) (0.1) (0.08) (0.15) (0.07) 
Henan 0.43 
58.50 4794.54 1.23 3.71 271.28 0.00 18.89 9.84 
(0.2) (0.03) (0.05) (0.15) (0.13) (0.04) (0.08) (0.05) 
Hubei 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Hunan 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Inner Mongolia 0.72 
6.15 0.00 19.82 0.22 0.00 156.69 33.01 51.82 
(0.03) (0) (0.05) (0.08) (0) (0.04) (0.06) (0.04) 
Jiangsu 
1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Jiangsu (0) (0) (0) (0) (0) (0) (0) (0) 
Jiangxi 0.72 
0.00 201.03 0.05 0.30 38.94 0.00 2.84 0.00 
(0) (0) (0.01) (0.18) (0.06) (0.01) (0.04) (0.01) 
Jilin 0.47 
12.50 2888.82 0.12 0.00 0.00 11.34 17.73 0.18 
(0.17) (0.05) (0.07) (0.07) (0.06) (0.07) (0.14) (0.06) 
Liaoning 0.48 
18.97 3502.95 0.34 0.00 106.74 34.14 24.12 5.49 
(0.17) (0.03) (0.06) (0.06) (0.12) (0.07) (0.11) (0.06) 
Ningxia 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
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Qinghai 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) (0) 
Shaanxi 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Shandong 0.67 
34.13 0.00 0.00 0.00 331.46 120.68 32.58 6.06 
(0.11) (0) (0.02) (0.02) (0.1) (0.04) (0.07) (0.02) 
Shanghai 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) (0) 
Shanxi 0.57 
17.61 877.29 0.00 0.08 395.43 8.44 21.41 4.67 
(0.13) (0.01) (0.05) (0.05) (0.14) (0.04) (0.08) (0.04) 
Sichuan 0.43 
8.77 1530.28 0.00 0.62 172.16 1.06 8.70 1.86 
(0.17) (0.03) (0.06) (0.14) (0.16) (0.05) (0.1) (0.05) 
Tianjin 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) (0) 
Xinjiang 0.45 10.32 1168.64 0.00 0.26 79.87 22.73 20.59 0.62 (0.18) (0.02) (0.05) (0.1) (0.14) (0.07) (0.14) (0.05) 
Yunnan 0.65 
1.09 411.54 1.97 0.00 0.00 0.00 2.52 5.02 
(0.04) (0.01) (0.08) (0.05) (0.04) (0.04) (0.06) (0.06) 
Zhejiang 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) (0) 
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Table B7 Decomposition of inefficiency and benchmarks for industry sectors 1 
DMU Score 
Separable Input Excess NonSeparable Input Excess NSBad Output Excess 
Labor Capital Energy use SO2 NMVOC PM10 CO2 
Anhui 0.49 
236.13 367.99 17.66 119.71 0.00 286.26 161.01 
(0.03) (0.27) (0.11) (0.07) (0) (0.17) (0.14) 
Beijing 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) 
Chongqing 0.61 
0.00 70.60 17.64 845.03 0.00 134.31 48.83 
(0) (0.12) (0.14) (0.19) (0) (0.15) (0.09) 
Fujian 0.60 0.00 157.01 12.45 115.66 0.00 70.20 55.81 (0) (0.2) (0.08) (0.06) (0) (0.08) (0.07) 
Gansu 0.37 
0.00 88.07 11.68 21.61 0.00 69.37 48.10 
(0) (0.25) (0.21) (0.09) (0.05) (0.16) (0.14) 
Guangdong 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Guangxi 0.55 
0.00 90.03 11.62 236.88 0.00 208.22 42.40 
(0) (0.13) (0.12) (0.13) (0.02) (0.15) (0.08) 
Guizhou 0.32 
126.23 64.61 19.75 340.22 0.00 156.70 112.25 
(0.05) (0.24) (0.22) (0.17) (0.01) (0.17) (0.16) 
Hainan 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Hebei 0.55 
0.00 72.03 85.43 509.42 0.00 511.32 298.48 
(0) (0.04) (0.19) (0.12) (0.02) (0.15) (0.12) 
Heilongjiang 0.78 0.00 9.54 0.00 141.44 91.69 75.40 65.66 (0) (0.01) (0) (0.09) (0.05) (0.09) (0.07) 
Henan 0.60 
0.00 343.51 54.52 588.29 0.00 709.49 285.28 
(0) (0.15) (0.14) (0.12) (0) (0.18) (0.12) 
Hubei 0.46 
0.00 253.87 33.53 1182.30 0.00 316.06 126.02 
(0) (0.22) (0.13) (0.16) (0) (0.15) (0.1) 
Hunan 0.55 
0.00 222.44 35.45 494.42 0.00 408.58 139.18 
(0) (0.2) (0.18) (0.16) (0) (0.2) (0.13) 
Inner Mongolia 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Jiangsu 0.65 
0.00 500.00 27.96 103.30 0.00 208.55 199.73 
(0) (0.2) (0.06) (0.02) (0) (0.08) (0.08) 
Jiangxi 0.57 
79.02 401.95 17.27 214.00 0.00 313.66 103.83 
(0.01) (0.28) (0.17) (0.14) (0) (0.23) (0.16) 
Jilin 0.55 
0.00 221.65 5.65 93.19 0.00 80.07 48.72 
(0) (0.17) (0.09) (0.09) (0.03) (0.11) (0.09) 
Liaoning 0.42 
95.98 537.90 66.75 246.22 0.00 260.35 219.94 
(0.01) (0.26) (0.17) (0.07) (0) (0.13) (0.11) 
Ningxia 0.30 
3.50 57.33 10.33 150.81 0.00 43.94 56.00 
(0) (0.28) (0.25) (0.17) (0.04) (0.17) (0.17) 
Qinghai 0.80 0.00 4.35 17.80 0.00 43.22 87.95 31.20 
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(0) (0.03) (0.52) (0) (0.22) (0.35) (0.26) 
Shaanxi 0.81 
0.00 0.00 0.00 277.21 78.83 126.88 40.10 
(0) (0) (0) (0.12) (0.05) (0.11) (0.05) 
Shandong 0.54 
899.76 538.85 33.39 1183.74 0.00 719.69 337.01 
(0.03) (0.21) (0.07) (0.12) (0) (0.15) (0.1) 
Shanghai 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Shanxi 0.38 
120.60 173.80 51.79 814.67 0.00 504.72 291.79 
(0.02) (0.23) (0.21) (0.17) (0) (0.18) (0.16) 
Sichuan 0.45 
201.08 302.21 36.78 444.09 0.00 336.01 104.51 
(0.02) (0.24) (0.14) (0.11) (0) (0.14) (0.09) 
Tianjin 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) 
Xinjiang 0.61 0.00 8.83 3.82 99.61 155.58 41.65 0.00 (0) (0.02) (0.12) (0.11) (0.13) (0.11) (0.05) 
Yunnan 0.51 
0.00 35.75 14.55 163.19 0.00 135.43 56.73 
(0) (0.07) (0.18) (0.14) (0.05) (0.15) (0.12) 
Zhejiang 0.92 0.00 24.28 15.84 0.00 645.23 132.55 169.83 (0) (0.04) (0.08) (0) (0.12) (0.09) (0.11) 
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Table B8 Decomposition of inefficiency and benchmarks for residential sectors 1 
DMU Score 
Separable Input Excess 
NonSeparabl
e Input 
Excess 
NSBad Output Excess 
Urban 
residential 
buildings 
Rural 
residential 
buildings 
Applia
nces 
Energy use CO BC OC CO2 
Anhui 
0.63 0.00 342.13 0.12 0.56 3140.51 29.32 104.89 0.00 
 
(0) (0.08) (0.12) (0.02) (0.14) (0.12) (0.12) (0) 
Beijing 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Chongqing 
0.45 9.84 153.40 0.09 0.00 452.98 6.65 3.52 0.48 
 
(0.01) (0.08) (0.15) (0.11) (0.13) (0.14) (0.1) (0.1) 
Fujian 0.52 248.23 296.59 0.18 4.38 164.41 4.28 0.00 3.53 
 
(0.08) (0.1) (0.17) (0.18) (0.04) (0.07) (0) (0.12) 
Gansu 
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Guangdong 
0.73 785.75 0.00 0.43 0.99 108.64 0.00 9.98 0.64 
 
(0.09) (0) (0.11) (0.02) (0.02) (0.01) (0.03) (0.01) 
Guangxi 
0.83 0.00 336.63 0.11 2.63 4895.29 47.43 242.10 0.00 
 
(0) (0.09) (0.13) (0.14) (0.25) (0.23) (0.27) (0) 
Guizhou 
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Hainan 
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Hebei 
0.47 0.00 391.59 0.13 2.87 1099.46 11.95 0.00 7.94 
 
(0) (0.08) (0.11) (0.14) (0.12) (0.11) (0.07) (0.13) 
Heilongjian
g 
0.77 0.00 0.00 0.00 0.02 958.55 2.45 43.47 0.00 
 
(0) (0) (0) (0.03) (0.09) (0.04) (0.1) (0.03) 
Henan 
0.76 0.00 800.19 0.11 1.12 601.15 3.78 0.00 1.13 
 
(0) (0.1) (0.09) (0.02) (0.03) (0.02) (0) (0.01) 
Hubei 
0.40 163.30 474.23 0.14 0.00 800.77 12.41 1.93 1.68 
 
(0.04) (0.1) (0.13) (0.13) (0.14) (0.15) (0.11) (0.12) 
Hunan 
0.48 158.47 753.60 0.11 2.19 821.42 16.40 0.00 0.46 
 
(0.04) (0.12) (0.1) (0.11) (0.1) (0.12) (0.04) (0.05) 
Inner 
Mongolia 
0.56 56.52 0.00 0.02 0.00 856.62 7.14 9.11 1.34 
 
(0.04) (0) (0.06) (0.1) (0.12) (0.11) (0.1) (0.09) 
Jiangsu 
0.50 481.48 465.00 0.38 4.55 907.69 2.93 0.00 4.29 
 
(0.08) (0.08) (0.17) (0.1) (0.07) (0.02) (0) (0.07) 
Jiangxi 
0.72 114.91 447.68 0.07 0.00 304.61 4.90 0.36 1.25 
 
(0.04) (0.11) (0.1) (0) (0.05) (0.06) (0) (0.05) 
Jilin 
0.73 6.14 0.00 0.00 0.00 1046.19 8.85 28.74 0.14 
 
(0) (0) (0) (0.03) (0.11) (0.09) (0.09) (0.02) 
Liaoning 0.66 85.30 0.00 0.01 0.00 1690.90 16.90 57.51 1.78 
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(0.03) (0) (0.01) (0.01) (0.14) (0.13) (0.12) (0.04) 
Ningxia 
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Qinghai 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0.03) (0) (0) (0) (0) (0) 
Shaanxi 
0.53 0.00 163.90 0.05 0.78 258.74 2.42 0.00 1.63 
 
(0) (0.06) (0.09) (0.12) (0.1) (0.09) (0.08) (0.1) 
Shandong 
0.45 167.08 490.19 0.30 3.80 1666.84 13.56 0.00 8.58 
 
(0.03) (0.07) (0.14) (0.13) (0.12) (0.11) (0.06) (0.12) 
Shanghai 
1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Shanxi 
0.48 0.00 82.82 0.03 1.05 795.80 10.17 0.00 4.78 
 
(0) (0.04) (0.06) (0.16) (0.15) (0.15) (0.1) (0.15) 
Sichuan 
0.53 0.00 735.13 0.16 0.67 1389.59 8.92 45.53 0.00 
 
(0) (0.1) (0.12) (0.08) (0.09) (0.08) (0.09) (0.05) 
Tianjin 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
(0) (0) (0) (0) (0) (0) (0) (0) 
Xinjiang 0.83 0.00 21.86 0.00 0.00 213.80 2.25 6.13 0.01 
 
(0) (0.02) (0) (0.02) (0.05) (0.04) (0.04) (0.02) 
Yunnan 
0.79 0.00 284.97 0.03 0.60 589.90 11.20 24.17 0.00 
 
(0) (0.08) (0.06) (0.03) (0.05) (0.07) (0.05) (0) 
Zhejiang 0.79 387.81 901.05 0.00 0.44 510.45 4.03 29.15 0.00 
 
(0.08) (0.18) (0) (0.01) (0.15) (0.1) (0.21) (0) 
 1 
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Table B9 Decomposition of inefficiency and benchmarks for transport sectors 1 
DMU Score 
Separable Input Excess NonSeparable Input Excess NSBadOutput Excess 
Labor Capital Energy use NO2 CO BC CO2 
Anhui 0.50 
88.07 0.00 0.61 52.94 0.00 1.78 1.46 
(0.16) (0) (0.16) (0.1) (0.07) (0.1) (0.1) 
Beijing 0.51 429.63 1.49 3.88 23.70 217.51 0.00 6.95 (0.24) (0.01) (0.14) (0.04) (0.07) (0) (0.08) 
Chongqing 0.36 
95.91 29.46 4.09 45.64 0.00 0.27 8.61 
(0.2) (0.16) (0.25) (0.06) (0) (0.01) (0.15) 
Fujian 0.78 4.60 35.22 1.24 24.32 0.00 0.91 2.73 (0.01) (0.1) (0.06) (0.03) (0) (0.04) (0.04) 
Gansu 0.39 
74.05 1.14 0.95 6.46 0.00 0.21 1.65 
(0.22) (0.02) (0.22) (0.09) (0.08) (0.08) (0.13) 
Guangdong 0.54 
249.31 2.01 5.56 57.34 239.61 0.00 11.26 
(0.13) (0) (0.16) (0.08) (0.08) (0.05) (0.1) 
Guangxi 0.34 
125.60 37.81 5.16 17.18 98.96 0.00 10.99 
(0.2) (0.17) (0.23) (0.02) (0.04) (0) (0.15) 
Guizhou 0.70 
11.72 6.37 1.06 30.44 0.00 0.60 1.87 
(0.03) (0.04) (0.09) (0.07) (0.01) (0.05) (0.05) 
Hainan 0.28 
30.10 8.08 2.76 3.99 48.14 0.00 5.82 
(0.21) (0.17) (0.31) (0.03) (0.09) (0) (0.19) 
Hebei 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Heilongjiang 0.33 197.75 36.10 1.48 20.14 18.50 0.00 3.22 (0.23) (0.16) (0.18) (0.07) (0.06) (0.05) (0.11) 
Henan 0.48 
156.27 0.00 0.72 35.14 0.00 2.59 0.90 
(0.17) (0) (0.16) (0.1) (0.08) (0.11) (0.09) 
Hubei 0.40 
151.57 27.24 8.69 22.27 0.00 1.24 16.16 
(0.18) (0.1) (0.24) (0.02) (0.01) (0.03) (0.14) 
Hunan 0.54 
109.05 44.22 6.50 17.83 66.82 0.00 13.69 
(0.14) (0.13) (0.25) (0.02) (0.02) (0) (0.16) 
Inner Mongolia 0.53 
42.78 33.63 9.25 13.78 0.00 1.16 18.93 
(0.07) (0.11) (0.25) (0.01) (0) (0.02) (0.15) 
Jiangsu 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Jiangxi 0.48 
99.78 6.59 1.53 17.07 0.00 0.20 3.33 
(0.19) (0.05) (0.17) (0.05) (0.03) (0.04) (0.11) 
Jilin 0.34 
104.74 22.85 1.87 0.00 38.13 0.04 3.86 
(0.21) (0.14) (0.21) (0.05) (0.07) (0.05) (0.13) 
Liaoning 0.41 
176.08 31.13 9.02 0.00 36.90 0.14 19.02 
(0.17) (0.1) (0.23) (0.02) (0.03) (0.02) (0.14) 
Ningxia 0.81 
4.52 0.00 0.56 14.39 10.94 0.00 1.07 
(0.04) (0) (0.12) (0.06) (0.02) (0) (0.07) 
Qinghai 0.22 28.29 7.79 0.40 3.14 16.55 0.00 0.85 
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(0.24) (0.21) (0.24) (0.09) (0.11) (0.07) (0.15) 
Shaanxi 0.29 
154.94 31.87 4.10 0.00 72.23 0.54 8.05 
(0.22) (0.15) (0.25) (0.05) (0.08) (0.07) (0.15) 
Shandong 1.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(0) (0) (0) (0) (0) (0) (0) 
Shanghai 0.72 
199.04 0.00 26.24 43.47 38.27 0.00 55.45 
(0.18) (0) (0.45) (0.07) (0.02) (0) (0.27) 
Shanxi 0.40 
121.21 33.95 3.66 11.09 94.79 0.00 6.98 
(0.17) (0.13) (0.2) (0.04) (0.06) (0.03) (0.12) 
Sichuan 0.24 
172.22 90.27 6.03 41.59 435.13 0.00 12.00 
(0.21) (0.22) (0.24) (0.06) (0.11) (0.03) (0.15) 
Tianjin 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 (0) (0) (0) (0) (0) (0) (0) 
Xinjiang 0.23 85.18 19.20 1.52 11.60 60.67 0.00 3.17 (0.23) (0.17) (0.26) (0.11) (0.12) (0.09) (0.16) 
Yunnan 0.10 
129.27 77.99 2.41 15.88 133.01 0.00 5.05 
(0.26) (0.28) (0.3) (0.14) (0.16) (0.12) (0.18) 
Zhejiang 0.62 133.27 5.26 11.03 78.35 1042.12 0.00 22.87 (0.14) (0.02) (0.33) (0.06) (0.17) (0) (0.2) 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
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Highlights 
 A comprehensive environmental efficiency index is proposed. 
 Sectoral environmental efficiency of China involving air pollutants is assessed. 
 Some provinces operated along the production frontier in environmental terms. 
 There are regional disparities in overall and sectoral environmental efficiency. 
 Abatement potential for CO2 and air pollutants exists in specific sectors in China. 
 
